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ABSTRACT

The binary alloy of titanium-tungsten (TiW) is an established diffusion barrier in high-power semiconductor devices, owing to its ability to suppress
the diffusion of copper from the metallization scheme into the surrounding silicon substructure. However, little is known about the response of TiW
to high-temperature events or its behavior when exposed to air. Here, a combined soft and hard x-ray photoelectron spectroscopy (XPS) characteri-
zation approach is used to study the influence of post-deposition annealing and titanium concentration on the oxidation behavior of a 300 nm-thick
TiW film. The combination of both XPS techniques allows for the assessment of the chemical state and elemental composition across the surface
and bulk of the TiW layer. The findings show that in response to high-temperature annealing, titanium segregates out of the mixed metal system
and upwardly migrates, accumulating at the TiW/air interface. Titanium shows remarkably rapid diffusion under relatively short annealing time-
scales, and the extent of titanium surface enrichment is increased through longer annealing periods or by increasing the bulk titanium concentration.
Surface titanium enrichment enhances the extent of oxidation both at the surface and in the bulk of the alloy due to the strong gettering ability of
titanium. Quantification of the soft x-ray photoelectron spectra highlights the formation of three tungsten oxidation environments, attributed to
WO2, WO3, and a WO3 oxide coordinated with a titanium environment. This combinatorial characterization approach provides valuable insights
into the thermal and oxidation stability of TiW alloys from two depth perspectives, aiding the development of future device technologies.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0048304

I. INTRODUCTION

The transition from aluminum to copper metallization
schemes in semiconductor technologies was one of the major
breakthroughs for the industry, as it offered significant improve-
ments in performance while also enabling a reduction in feature
sizes.1,2 However, a major challenge is the fast diffusion of copper
toward the silicon device at relatively low temperatures (,200 �C),

which can lead to the development of electrically active deep traps,3

and even the formation of copper silicide phases,4,5 both of which
can promote device failure. To counter this negative interaction,
device architectures have been modified to incorporate a thin
metallic layer between the metallization and silicon substructure,
known as a diffusion barrier. A binary pseudo-alloy of titanium
and tungsten (TiW) has long been a viable diffusion barrier
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candidate for semiconductor devices due to its strong blocking effi-
ciency toward metallization schemes, high thermal breakdown
strength, and good chemical inertness.6–13 TiW had been estab-
lished as a suitable diffusion barrier for devices with gold and alu-
minum metallizations and so the barrier system was further
investigated upon the introduction of copper metallization
schemes, showing good success.14–18 The particular focus of several
of these investigations into the applicability of TiW involved deter-
mining the barrier failure temperature through rapid thermal
annealing (RTA) treatments of Si/TiW/metal systems, followed by
characterization to obtain elemental depth profiles and detect metal
silicide phases to assess the failure modes. However, these tests
often prove inconclusive or are not transferable as the short anneal-
ing timescales in RTA treatments do not reflect the duration of
high-temperature exposure seen during manufacture or service.
Research into TiW has since seen a resurgence in response to these
limitations, but also due to the development of wide bandgap mate-
rials for power semiconductor devices and the increasingly higher
temperatures experienced in high-power applications.19–22 Despite
the effectiveness of TiW as a diffusion barrier, when subjected to
high temperatures for a prolonged duration, whether experienced
during the many thermal treatments in the fabrication route or
during operation, the barrier is susceptible to degradation. During
such events, titanium exhibits the ability to segregate out of the
barrier layer, diffusing through the metallization, and accumulating
at the surface.19,21,23,24 These past investigations have shown that
the addition of titanium to tungsten in the range of 10–30 at. % Ti
improves the diffusion barrier performance, increasing its adhesion
to the surrounding layers,17,25 enhancing its corrosion resistance,6

and increasing the barrier failure temperature relative to a single
tungsten barrier.14,26–28 Therefore, the depletion of titanium out of
the barrier could be detrimental, resulting in an increased suscepti-
bility of barrier degradation, and consequently allowing copper to
interact with the silicon substructure.

To date, extensive research into this material has been con-
ducted; however, expansion of the research into other equally
important areas such as the oxidation behavior of TiW alloys is
limited12,29 or not investigated from a device perspective.30–32 The
oxidation behavior of TiW alloys is of particular interest in this
study as it will have a synergistic relationship with the already
observed titanium diffusion process. The interaction of oxygen
with these TiW alloys can occur similarly either during the manu-
facturing stages or service of the device. Several studies have
explored the forced oxidation of the TiW barrier prior to copper
deposition by exposing the layer to the ambient environment (e.g.,
air) via a vacuum break. The exposure to air is assumed to decorate
the TiW grain boundaries with oxides, retarding the interdiffusion
of both titanium and copper.23,33,34 Additionally, and relevant to
industrial applications, these devices consist of a thick copper inter-
connect scheme deposited on top of the TiW barrier layer. The
process used to deposit such copper interconnects often relies on
organic/inorganic precursors and additives,35,36 all of which can
result in the inclusion of oxygen impurities into copper. During
service, the residual oxygen within the material may diffuse down-
ward toward the TiW/Cu interface, interacting with the TiW layer.
In addition, trace amounts of oxygen present in the deposition
chamber prior to copper deposition are a further source of oxygen.

All of these TiW oxygen exposure routes can significantly influence
the performance of the device. Therefore, it is imperative to under-
stand these TiW alloys including the development of any potential
interfacial oxide that may form, as well as the behavior of the alloy
in response to high-temperature exposure.

To gain a more robust insight into the nature of this barrier,
the effects of post-deposition annealing for long timescales and
titanium concentration on the electronic structure and chemical
state of TiW thin films deposited on a silicon wafer substrate are
explored. Moreover, by exposing these films to the ambient envi-
ronment, the titanium diffusion mechanism in parallel to the oxi-
dation behavior is studied [schematically summarized in Fig. 1(a)].
Combining laboratory-based soft x-ray photoelectron spectroscopy
(SXPS) and synchrotron-based hard x-ray photoelectron spectro-
scopy (HAXPES), a systematic study across the surface and bulk of
the TiW layer is conducted,37 allowing for the assessment of this
material at multiple depths, as illustrated in Fig. 1(b). Additional
support is also provided by density functional theory (DFT)38,39 to
aid discussion of the influence of the oxidation process on the elec-
tronic structure of the alloys.

II. METHODOLOGY

A. Experimental methods

Si(100)/SiO2(50 nm)/TiW(300 nm) were prepared using
standard industrial processes with the TiW layer fabricated by mag-
netron sputter deposition. By varying the sputter parameters, four
different titanium concentrations of � 11, 17, 22, and
27 at. % could be realized in the coatings. The concentrations are
regularly monitored using x-ray fluorescence (XRF). XRF is a bulk-
sensitive chemical characterization technique; therefore, these con-
centrations are taken as bulk concentrations. Each of the four
samples was then annealed at 400 �C under an inert forming gas
atmosphere (5% H2, 95% N2) for two different timescales 0:5 h and
5 h. The annealing duration does not take into account the time
taken for the annealing temperature to ramp up or cooldown. An
as-deposited (i.e., no anneal) sample (AD) was used as a reference.
After annealing, the samples were removed from the chamber and
were left exposed to the ambient environment until measurements
were conducted. Although residual oxygen may be present in the
deposition chamber, it is assumed that oxidation within the deposi-
tion chamber is negligible.

SXPS measurements were conducted using a laboratory-based
Thermo Scientific™ K-Alpha™ spectrometer, which features a
monochromatic Al Kα (1486.7 eV) x-ray source, a 180� double
focusing hemispherical analyzer, and a two-dimensional detector.
The x-ray source operated under a 12 keV anode bias and 6mA
emission current, and a 400 μm elliptical spot size was selected for
all measurements. Pass energies of 15, 20, and 200 eV were used
for the valence band (VB), core level, and survey spectra acquisi-
tion, respectively, and the base pressure of the system was
2� 10�8 mbar. A flood gun was utilized to prevent sample charg-
ing. For depth profiles, samples were sputtered using a focused
0.5 keV Ar+ ion source. Two sputter cycles were completed, each
lasting 300 s (5 min). The sputter area was approximately
2� 2 mm2, and the subsequent measurements were taken at the
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center of the sputter crater. This depth profile is schematically illus-
trated in Fig. 1(c).

HAXPES measurements were conducted at beamline I09 at
Diamond Light Source, UK.40 An x-ray excitation energy of
5922 eV (further referred to as 5.9 keV for simplicity) was selected
using an Si (111) double crystal monochromator and an additional
Si (004) post channel-cut monochromator. The beamline operates
with a VG Scienta EW4000 electron energy analyzer that has a
+28� acceptance angle. Samples were measured using grazing inci-
dence (4�) and near normal emission geometry to maximize the
signal intensity. A pass energy of 100 eV was used for core level
and survey scan acquisition, whereas a 200 eV pass energy was
used to collect high resolution valence band spectra. The energy
resolution of soft and hard XPS instruments is approximately 300
and 250 meV, respectively, determined by measuring the intrinsic
Fermi edge of the samples.

For both SXPS and HAXPES measurements, survey, key core
level (W 4f, O 1s, Ti 2p, and C 1s), and valence band spectra were
acquired. All spectra were charge corrected by aligning the binding
energy scale to the intrinsic Fermi edge of their respective samples.
All core level spectra were normalized to the maximum intensity of
the W 4f7=2 peak. Valence band spectra were normalized to the
total valence band area after the removal of a Shirley-type back-
ground from the spectra. All peak fit analysis was carried out using
the Thermo Avantage™ software package.

SXPS provides surface-sensitive information, whereas
HAXPES is able to access the “bulk” and hence probe deeper into
the sample, without the need for sample preparation.37,41 A depth
distribution function (DDF) is a useful measure that allows for the
determination of the probing depth of each technique giving an
indication of the origin of the photoelectron signal intensity. The
DDF is a derivation of the Beer–Lambert Law, described in detail
by Berens et al.22 and by integrating the DDF over a particular
depth range, the percentage of the total signal from these elements
can be determined. The DDF was calculated for titanium and tung-
sten metal using the Al Kα and 5.9 keV photon energies and the

maximum inelastic mean free path (IMFP) values reported by
Shinotsuka et al.,42 with the results displayed in Fig. 2. The DDF
relies heavily on the IMFP and hence is a function of the material
(e.g., density, number of valence electrons, and atomic mass),
which is why titanium and tungsten show minor differences in the
distribution. Through integrating the DDF function across the top
5 nm for tungsten metal, the clear difference in information depth
becomes apparent. While the majority of the signal in SXPS,
approximately 93.1% of the total signal, originates from within this
window, only 59.5% of signal is accessed in HAXPES with the
remainder stemming from deeper in the sample. As mentioned

FIG. 1. Schematic profiles of Si/SiO2/TiW device stacks. (a) A simplified model of the titanium and oxygen diffusion process within TiW. It is assumed that Ti will diffuse
from within the bulk and accumulate at the free surface, whereas oxygen is assumed to penetrate the TiW both at the surface and within the bulk. (b) A detailed TiW
surface, showcasing the assumed nature of the oxidation scale and adventitious carbon surface layers. The blue and orange arrows in the center illustrate the probing
depth of SXPS compared to HAXPES, respectively. (c) An illustration of the SXPS depth profile, (L to R) the as-received sample, a first sputtering cycle, and then a
second sputtering cycle.

FIG. 2. DDF for Ti and W metal, calculated for the two photon energies used
(Al Kα and 5.9 keV), with the inset illustrating the differences in the probing
depth for SXPS vs HAXPES.
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above, due to the elemental differences in DDF, titanium shows
values of 87.4% and 48.4% signal contribution from the top 5 nm
in SXPS and HAXPES, respectively. In the case of the TiW alloys
investigated in this line of work, the titanium concentration is low
(,30 at. %) and therefore using the tungsten DDF is a good esti-
mate for these samples. The DDF overall highlights the extreme
surface sensitivity of SXPS, with the majority of the signal intensity
originating from the top few nanometers of the surface, compared
to the surface insensitivity of HAXPES, in which the majority of
the signal originates from within the bulk.

B. Theoretical methods

The electronic structure of the occupied states of a material
can be explored through the collection of valence band spectra.
However, to arrive at a complete description complementary theo-
retical calculations are essential. Here, DFT with a linear scaling
(LS) approach is employed as implemented in the wavelet-based
BigDFT code to calculate the electronic structure of metallic tung-
sten and compare with these tungsten dominated alloys.43–46

Although bulk tungsten does not have a large enough unit cell to
require a LS treatment, LS-BigDFT has previously been demon-
strated to give excellent agreement with more traditional cubic
scaling approaches for tungsten.47 Moreover, the localized atom-
centered support function basis of LS-BigDFT provides an intuitive
approach for generating the partial density of states (PDOS) of
tungsten metal.

A single-point calculation was performed for a 9� 9� 9
(1458 atom) supercell at the Γ-point only. A perfect body centered
cubic (BCC) structure with three-dimensional periodic boundary
conditions and a DFT equilibrium lattice parameter of 3.23 Å was
adopted. Calculations employed a wavelet grid spacing of 0.38 bohr,
coarse and fine radius multipliers of 6 and 8, respectively, and nine
support functions per tungsten atom with localization radii of
7.5 bohr. The cutoff for the density kernel was set to 11.0 bohr. The
Krack HGH pseudopotential with the W 6s2 and 5d4 valence elec-
trons48 and the PBE exchange correlation functional were used.49

The Fermi Operator Expansion (FOE) method,50,51 implemented
via the CheSS library,52 was used to optimize the density kernel. A
finite electronic temperature of 0.136 eV was introduced into
the calculations to facilitate the convergence of the metallic system.
The PDOS was calculated using a Mulliken-type projector onto the
support functions.53,54

To allow for direct comparison with experimental data, the
calculated PDOS of tungsten metal was broadened to match the
experimental broadening due to factors such as instrumental reso-
lution and temperature effects. The level of broadening is deter-
mined by fitting the intrinsic Fermi edge width of a measured
polycrystalline gold foil using a Gaussian-Dirac step function (i.e.,
the experimental resolution). Broadening attributed to these factors
is best described using a Gaussian function. Gaussian smearing of
0.30 and 0.25 eV was used to compare the valence bands collected
with the Al Kα and 5.9 keV excitation energies, respectively.
Following the broadening, the PDOS was weighted by the
one-electron photoionization cross sections to account for the
photon energy dependence of the experimental spectra.
Photoionization cross section weighting of the PDOS was applied

using the Galore software package, which extracts values from the
tabulated data calculated by Scofield and divides the orbital ener-
gies with their respective cross section at the given photon energy
(Al Kα or 5.9 keV).55–57 The total density of states (TDOS) is then
calculated by summing the PDOS. The DFT theoretical spectra
were normalized to the maximum intensity of the experimental
valence band spectra.

III. RESULTS AND DISCUSSION

The survey spectra collected using SXPS and HAXPES (see
the supplementary material) show the presence of titanium, tung-
sten, oxygen, and carbon for all samples. SXPS measurements
detect carbon with a significantly higher intensity compared to
HAXPES, expected from the exposure of the samples to the
ambient environment and the formation of a surface carbon layer,
known as adventitious carbon, as illustrated in Fig. 1(b). HAXPES,
as mentioned above, is bulk-sensitive and therefore this surface
carbon layer does not contribute significantly to the total signal.
SXPS also detects minor traces of nitrogen, sodium, and calcium in
a small number of samples. Sodium and calcium are assumed to be
from external contamination during sample preparation and han-
dling. Nitrogen is assumed to be from an organic carbon-based
impurity due to the exposure to the ambient environment.

A. Influence of post-deposition annealing

Figure 3 displays the W 4f, Ti 2p, and O 1s core level spectra
acquired with SXPS, SXPS depth profiling, and HAXPES, for the
sample set containing 27 at. % Ti, highlighting the relationship
between oxidation and annealing duration. SXPS measurements
prior to sputtering (Etch 0) show that for both metals, significant
changes in intensity are observed with increasing annealing dura-
tion. Focusing on the W 4f spectrum, shown in Fig. 3(a), four
resolved peaks are present with the peaks at approximately 31 and
33 eV attributed to metallic tungsten [W(0)], and peaks at approxi-
mately 36 and 38 eV attributed to hexavalent species [WO3, W
(VI)]. The full list of binding energy (BE) positions (derived from
peak fit analysis) can be found in the supplementary material and
are in good agreement with the literature values.58 Aside from the
main peaks, a noticeable increase in intensity is observed with
increasing annealing duration at +1.3 eV above the metallic W 4f
peaks. This increase in the shoulder intensity is also coupled with
an increase in intensity of the hexavalent tungsten species.
Additionally, the metallic W 4f peaks exhibit a positive shift in BE
of 0.2 eV after 0.5 h and 0.3 eV after 5 h of annealing. These spec-
tral changes are also shared by the SXPS depth profile and
HAXPES spectra, shown in Figs. 3(d), 3(g), and 3( j), respectively.
These changes are evidence that longer annealing results in an
increased oxidation of the tungsten portion of the TiW alloys,
moving the system from primarily metallic toward a more oxide
rich environment.

The main contribution toward the metallic shoulder feature is
assumed to be the development of tetravalent tungsten species
[WO2, W(IV)]. The assignment of WO2 is often misinterpreted as
the peak position is typically derived by linear interpolation
between the metallic and hexavalent states, which predicts an
approximate +3.2 eV shift relative to the metallic peak. To avoid
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FIG. 3. Key core level spectra acquired using SXPS (hν ¼ Al Kα) and HAXPES (hν ¼ 5:9 keV) for a sample containing 27 at. % Ti as a function of annealing duration.
From left (L) to right (R)—W 4f [(a), (d), (g), ( j)], Ti 2p [(b), (e), (h), (k)], and O 1s [(c), ( f ), (i), (l)]. From the top row to the bottom—SXP spectra collected on the
as-received sample [(a)–(c)], spectra acquired after sputter removal for 5 min [(d)–(f )], spectra acquired after sputter removal for 10 min [(g)–(i)], and finally spectra
acquired on as-received samples using HAXPES [( j)–(l)]. All spectra are normalized to the maximum intensity of the W 4f spectra. The magnification of the spectra is pre-
sented relative to the W 4f y-axis scale.
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misinterpretation, peak identification of the W 4f core level is typi-
cally mapped to the already well-established peak assignments of
the Mo 3d core level, as both molybdenum and tungsten oxides
share similar structures.59 For example, the Mo 3d peaks of MoO2

have been reported at a positive shift of 1.3 eV relative to the metal
peaks, which has formed the basis of our assignment of the should-
ers to WO2.

60–63 The oxidation of these samples took place in the
ambient environment; therefore, WO2 and WO3 are assumed to be
the only tungsten oxides that exist as these are thermodynamically
stable at room temperature. The formation of the lower oxidation
state rather than the complete oxidation to WO3 is a consequence
of competitive oxidation with titanium, limiting the complete con-
version to WO3. Alternatively, Warren et al. reported that water
acts as an oxidizing agent, first converting tungsten to WO2, which
then progresses to WO3, before forming an oxide hydrate.61 As the
samples were stored in an ambient laboratory environment, the rel-
ative humidity would not have exceeded 50% and hence would be
sufficient to form WO2 but insufficient to warrant a full conversion
to WO3 or an oxide hydrate.62

It is clear that increasing the annealing duration results in an
increase in the oxidation of tungsten. This link is attributed to the
expected underlying titanium diffusion mechanism that occurs
during annealing. As shown in Fig. 3(b), three identifiable peaks
are present in the Ti 2p spectra collected at the surface. The metal-
lic Ti 2p3=2 peak is located at approximately 454 eV, with the metal-
lic Ti 2p1=2 peak hidden underneath the intense peak at 459 eV,
which together with the peak at approximately 465 eV, correspond
to the Ti 2p core level of TiO2 [Ti(IV)]. The recorded peak posi-
tions of both Ti metal and TiO2 match closely with the literature
values.64–66 The Ti(IV) peak also displays a degree of asymmetry
on the lower BE side, which is more visually prominent in the 5 h
annealed sample spectra, and alludes to the presence of Ti2O3 [Ti
(III)]. With increasing annealing duration, the metallic Ti 2p con-
tribution is shown to diminish, while the oxide contribution is
enlarged. The increase in the total spectral area of the Ti 2p core
level observed in Fig. 3(b) confirms a surface enrichment of tita-
nium driven by post-deposition annealing. Annealing appears to
increase the mobility of titanium atoms, leading to a thermally
driven diffusion process in which titanium migrates from the bulk
to the free surface, likely via defect sites (e.g., grain boundaries).
Several studies have also reported interdiffusion phenomena experi-
enced during high-temperature annealing for multi-layered systems
containing titanium or titanium-based alloys.19,23,24,67–70 These
studies highlight that the diffusion mechanism of titanium through
a polycrystalline metal over-layer largely proceeds via grain boun-
dary diffusion through the metallization and then finally accumula-
tion at the free surface. Moreover, the work by Baeri et al. suggests
that residual oxygen in the deposition chamber may act as the
driving force for titanium to diffuse upward toward the free
surface, owing to the very strong chemical affinity of titanium to
oxygen.24 A similar suggestion was also shared by Hübner et al.
who observed the same process but for the diffusion of tantalum
through a copper capping layer.71 Titanium is known for its excel-
lent gettering properties72 and is an incredibly effective oxygen
scavenger, which is why it finds applications in sublimation
pumps.73 Therefore, if the TiW surface is enriched with titanium,
greater oxidation will be expected in both metals, and this is

reflected in the core level spectra when moving from the
as-deposited to 5 h annealed sample. Due to the extreme oxidation
that is observed, applying depth profiling to map the oxidation
penetration depth brings challenges. Depth profiling was conducted
via argon ion sputtering and this method will preferentially reduce
any metal oxides present in sub-oxides and then into the base
metal. However, the spectra shown in Figs. 3(e) and 3(h), which
display the Ti 2p core level after sputtering, reinforce the idea of
titanium diffusion. With increasing annealing duration, the main
peak intensity, which belongs to the metal contribution, decreases.
This decrease indicates that under the high-temperature conditions,
titanium below the surface is being depleted and migrates to the
surface. Of course, in these spectra, oxide contributions are shown
to be minimal or mostly removed, which is a consequence of the
sputtering process and reduction to the metal form. The same
observation is also shared for the W 4f and O 1s, in that the oxide
contributions are almost entirely removed. In the case of the W 4f
core level, the WO3 peaks are completely eliminated, revealing the
previously hidden metallic W 5p3=2 peak. Subtle shifts to a positive
BE for the metallic Ti 2p and W 4f coupled with a slight increase
in intensity of the peak shoulders are observed with increasing
annealing duration, reflecting both changes in the Ti:W concentra-
tion but also the influence of remnant oxide environments still
present after sputtering.

The oxidation changes exhibited by the Ti 2p and W 4f
surface spectra are also shared by the O 1s spectra, with Fig. 3(c)
showing that with increasing annealing duration, the intensity of
the O 1s peak increases at a similar rate to the Ti 2p intensity
changes. The asymmetry of the O 1s spectra toward higher BE indi-
cates the presence of multiple oxygen environments. The main
signal intensity is positioned at approximately 530–531 eV, which
is a typical BE position of a lattice metal oxide peak.74,75 This peak
will mostly account for oxygen in titanium oxide species due to the
greater level of oxidation observed relative to tungsten. This also
holds true for the O 1s spectra collected during depth profiling and
with HAXPES measurements. The tail on the higher BE side is
attributed to organic carbon–oxygen environments and metal-
hydroxide or metal-carbonate species.76

HAXPES measurements displayed in Figs. 3( j)–3(l) are able
to reveal the true nature of the bulk TiW without the need for
sample preparation via in situ sputtering. The W 4f spectra appear
mostly metallic with a subtle shoulder present on the higher BE
side of the intense W 4f peaks, increasing in intensity with anneal-
ing duration, although the intensity is not as significant as in the
case of the surface-sensitive SXPS. Additionally, with increasing
annealing duration, an increase in intensity of the regions between
the doublet peak is observed. Both observations confirm that inter-
nal oxidation into the bulk of the TiW film occurs and that the
extent of oxidation is linked to the titanium diffusion process.

With increasing photon energy comes changes to photoioniza-
tion cross sections and this causes the metallic W 5p3=2 peak to
increase in intensity relative to the W 4f peaks. However, the peak
appears slightly asymmetric and broadens with increasing anneal-
ing duration. This can be attributed to the formation of WO2 and
the presence of a W(IV) 5p3=2 peak underneath the intense
W(0) 5p3=2 peak. This further reinforces the idea that annealing is
driving titanium toward the surface, which in turn draws more
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oxygen to deeper depths within the TiW, leading to the partial oxi-
dation of metallic tungsten.

Unlike tungsten, the Ti 2p HAXPES spectra in Fig. 3(k)
display a greater presence of oxides, although metallic contributions
still dominate over the oxide contributions. In line with the previ-
ous comments, the Ti 2p spectra reveal that samples annealed for
longer timescales result in a reduction in the metallic signal and
consequently an increase in the oxide signal. However, the rate of
metallic depletion does not appear to equal the rate of oxide forma-
tion. The signal intensity of the metallic Ti 2p3=2 appears to
decrease almost linearly between the three samples but the oxide
Ti 2p3=2 signal appears the same for the AD and 0.5 h annealed
sample, before rising to almost double the signal intensity for the
5 h annealed sample. This perhaps suggests that once a critical tita-
nium concentration is present, the rate of oxidation accelerates and
so the titanium concentration is a limiting factor in the oxidation
behavior of these alloys.

B. Influence of titanium concentration

The W 4f, Ti 2p, and O 1s spectra acquired with SXPS, SXPS
depth profiling, and HAXPES, for a range of nominal titanium
concentrations (11–27 at. %), all annealed for 0.5 h at 400 �C are
depicted in Fig. 4. As expected, oxide contributions appear to
increase as the titanium concentration within the samples increases,
mirroring the same phenomena that occur with increasing anneal-
ing duration. SXP spectra displayed in Figs. 4(a)–4(c) show that
multiple oxide contributions are detected at the surface, while
metallic features are mostly retained, similar to the results shown in
Fig. 3. This highlights that even at higher titanium concentrations,
a thick oxide layer does not form and the probing depth of SXPS is
still sufficient to probe through the oxide scale. Additionally, the
signal intensity for metallic titanium remains fairly constant with
increasing titanium concentration and it only appears that oxide
contributions are significantly influenced. This finding suggests
that complete oxidation is difficult, perhaps due to the competitive
nature of the surface, in which two metals are competing for pas-
sivation. Alternatively, it could allude to the saturation of the
surface metals with a near maximum solid solution reached, limit-
ing further oxidation. The observed change in the Ti 2p signal
intensity when moving across the compositional range, displayed in
Fig. 4(b) appears similar to the change in intensity when increasing
the annealing duration, as shown in Fig. 3(b). This suggests that
during annealing, a significant, almost bulk-like diffusion of tita-
nium occurs perhaps in the range of up to 10 at. %. Changes in the
surface composition as a function of annealing duration will be dis-
cussed in greater quantitative detail in Sec. III C.

Noticeable shifts in BE position are also reported across the
three core levels, much like those reported in Fig. 3. With increas-
ing titanium concentration, the position of the Ti 2p core level
shifts toward higher BE values, whereas the opposite effect is
observed for the W 4f core level spectra. Unlike the assumptions
made in Sec. III A, which attribute the reported shifts to the forma-
tion of oxides, the shifts observed in Fig. 4 can be attributed to the
interactions between the two base metals and perhaps the forma-
tion of intermetallic phases. Oxidation will almost always result in
a positive shift in BE due to the extra Coulombic interaction

between the ejected photoelectron and the ionized core hole,
whereas the direction of shifts observed in intermetallic or mixed
metal systems is dependent on the relative electronegativity of the
constituents and the relative ratio of the constituents. The notion of
an intermetallic phase formation rather than an inclusion system is
difficult to confirm and is speculative without the support from
other supplementary characterization techniques. Bertóti et al.
reported that when going from pure nickel or pure aluminum
toward binary compounds of Al-Ni and Al-Mn, noticeable shifts in
BE position were observed and concluded this was indicative of the
formation of an intermetallic phase.77 A similar finding was also
shared by García-Trenco et al., in which clear systematic changes
in both core level BE position and the valence band spectra were
observed when moving from metallic palladium to a mixed palla-
dium–indium system.78

The O 1s spectra across the TiW film also show similarities to
Fig. 3 in that the main contribution is from a lattice oxide and the
intensity decreases with decreasing titanium concentration. This
further confirms the role of titanium in controlling the oxidation
process of the TiW film. A greater titanium concentration at the
surface will result in a greater oxidation, which is reflected across
all core level spectra. TiO2 has reported BE values for the O 1s core
level at approximately 529.5–530 eV,74,78,79,80 whereas WO3 often
finds itself at reported higher BE values of 530.2–531 eV.60,74,75,81,82

The main intensity O 1s peak positions displayed in Fig. 4 match
closely to the reported values of TiO2 and WO3 but the contribu-
tions from both oxides are visually difficult to resolve. Subtle shifts
in the BE position are observed across the titanium concentration
sample range, which may be indicative of a change in the surface
oxide composition.

HAXPES results showcased in Figs. 4( j)–4(l), similar to those
discussed in Sec. III A, tell a different story to the SXPS depth pro-
filing results, as they highlight that oxidation does occur in the bulk
but that metallic contributions dominate. The depth profiling
results [Figs. 4(d)–4(i)] show as expected that with increasing tita-
nium concentration, an increase in the Ti 2p intensity increases
and this is coupled with an increase in the O 1s spectra, as alloys
with a greater titanium concentration allow for greater oxidation.

C. Peak fit analysis and quantification

In order to determine the number of oxide contributions in
the W 4f and Ti 2p core levels, as well as quantifying the extent of
oxidation, peak fit analysis was conducted on the SXP spectra col-
lected for the as-received (Etch 0) samples. The resultant W 4f
peak fits are displayed in Fig. 5 for all sample concentration sets.
The W 4f spectra are complex and the procedures used to complete
the peak fit analysis are described in detail in the supplementary
material. To summarize, the procedure involved taking the asym-
metric metallic line shape from an etched W 4f spectra, which con-
sisted of minimal oxide contributions and transferring that line
shape across the as-received (Etch 0) spectra, while adding in a
series of potential oxide contributions. The main difficulty was
determining the unknown metallic line shapes due to their asym-
metry (as a result of the coupling of the core hole with conduction
electrons83) and the convolution of the region between 35 and
39 eV, in which W(VI) 4f doublet peaks, W(0) 5p3=2, and Ti 3p
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FIG. 4. Key core level spectra acquired using SXPS (hν ¼ Al Kα) and HAXPES (hν ¼ 5:9 keV) for samples with different compositions but all annealed for 0.5 h at
400 �C. From left (L) to right (R)— W 4f [(a), (d), (g), ( j)], Ti 2p [(b), (e), (h), (k)], and O 1s [(c), ( f ), (i), (l)]. From the top row to the bottom—SXP spectra collected on the
as-received sample [(a)–(c)], spectra acquired after sputter removal for 5 min [(d)–(f )], spectra acquired after sputter removal for 10 min [(g)–(i)], and finally spectra
acquired on as-received samples using HAXPES [( j)–(l)]. All spectra are normalized to the maximum intensity of the W 4f spectra. The magnification of the spectra is pre-
sented relative to the W 4f y-axis scale.
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FIG. 5. SXPS W 4f peak fit summary. Going from left (L) to right (R)—the peak fits of the as-deposited [(a), (d), (g), ( j)], 0.5 h anneal [(b), (e), (h), (k)], and 5 h anneal
[(c), (f ), (i), (l)] spectra are presented. Each row displays the spectra for a given titanium composition (11, 17, 22, and 27 at. %). For example, the peak fitted as-deposited,
0.5, and 5 h anneal spectra collected for the 27 at. % bulk concentration sample are displayed in (a)–(c), respectively.
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peaks are located. All spectra were fitted with a Shirley-type back-
ground and all oxide doublet peaks were fitted with a Lorentzian–
Gaussian function, consisting of a Lorentzian contribution of less
than 30%. As mentioned earlier, two tungsten oxide environments
were obviously visible; however, in order to acquire a reasonable fit,
an additional oxide environment was added between the already
ascribed WO3 and WO2 states, colored in yellow and denoted with
an asterisk (*). Several cases have been put forward to suggest that
this doublet could be attributed to a W(V) state. Corby et al. attrib-
uted the doublet peaks at approximately 34.3 and 36.5 eV to a
W(V) environment and correlated the presence of W(V) species to
the formation of defective WO3�x and the presence of oxygen
vacancies, during the synthesis of WO3 nano-structures.

84 Xie et al.
took a different approach and reduced WO3 nanowires into a con-
tinuum of oxides, attributing the peak at 34.3 eV to the W(V) 4f7=2
peak.85 Whereas Alay et al. investigated similar air-exposed TiW
alloys using SXPS and determined the presence of metallic tung-
sten, WO3, and WOx peaks in the W 4f spectrum. These WOx sub-
oxides were located in a similar position to what we have assigned
to WO2.

12 However, the peak fit analysis presented by Alay et al.
appears to show minor discrepancies between the resultant fit enve-
lope and the experimental data, falling in line with our findings.
This gives further evidence that this third oxide environment (*) is
present and needs to be considered in the peak fitting procedure.

Given that the oxidation process occurred naturally in the
ambient environment and that these samples were not synthesized
to form an oxide but rather a bimetallic thin film, the formation of
W(V) at room temperature appears unlikely. Additionally, the
assignment of this peak to a tungsten oxide hydrate or tungsten
hydroxide appears infeasible as these compounds have only been
reported to occur upon full submersion of tungsten metal in
water.61 Besides, any surface hydroxide that may form will be in a
rather small concentration relative to the oxide environments and
so should not generate such a large signal intensity. Therefore, this
oxide environment is assumed to be a result of a WO3 environment
in co-ordination with a titanium environment, causing a negative
shift in BE position. Due to the polycrystalline and random nature
of the TiW alloy, titanium diffusion in response to annealing may
not result in uniform distribution across the surface and therefore
it is likely that titanium rich regions exist and surround tungsten
regions. Moving from left to right in Fig. 5 displays an increase in
annealing duration, whereas going from the top to the bottom dis-
plays a decrease in the bulk titanium concentration. It can be
observed that the sample with the greatest oxidation is the one con-
sisting of the highest nominal bulk titanium concentration
(27 at. %), coupled with the longest annealing duration (5 h), dis-
played in Fig. 5(c). Reflecting the initial observations, moving to
lower bulk titanium concentrations or to shorter annealing time-
scales reduces the intensity of the tungsten oxide peaks.

Peak fit analysis was also carried out on the Ti 2p spectra,
with details of the chosen peak model and fitting procedure
described in the supplementary material. By comparing the peak
fitting results of the respective Ti 2p and W 4f spectra of each
sample, quantification between the two metal systems could be
established, with the results summarized in Fig. 6. Due to the com-
plexity of the line shapes of both Ti 2p and W 4f core lines, it
should be noted that the accuracy of quantification from the peak

fit analysis is estimated to be approximately +0:5 at. %. The com-
parison revealed that in all cases, tungsten was the dominating
component, as expected based on the bulk composition always
being tungsten rich. Additionally, the quantification summary visu-
ally confirms that with increasing annealing duration comes a
decrease in the metallic nature of the TiW surface and the conver-
sion to a more oxide rich system. The rate of oxidation appeared
much higher in the case of titanium than tungsten. For the 27 at. %
Ti sample, annealing for 0.5 h resulted in a 37.9% reduction in the
metallic tungsten signal, whereas the metallic titanium signal
reduced by 57.3% relative to the AD sample. The state of the
sample surface in the 5 h annealed sample exhibited almost com-
plete transformation from metallic to oxidized titanium, with only
11.8% of the original metallic signal remaining. On the other hand,
the tungsten oxide contribution became larger than the metallic
contribution, rising from 34.0% in the as-deposited sample, to
49.7% in the 0.5 h annealed sample, and finally surpassing the 50%
mark with a total contribution to the tungsten signal of 64.0% in
the 5 h annealed sample.

The idea of competitive oxidation is further reinforced by
comparing the WO3:WO2 ratio in Fig. 6. The as-deposited samples
all show that the dominant tungsten oxide contribution is from the
WO3 state. Whereas, for the two annealed samples, the WO3 con-
centration appears to hold fairly constant, as if a limit has been
reached, while the WO2 contributions appear to rise. The main
assumption regarding the W 4f peak model is the assignment of
the third tungsten oxide environment. However, the hypothesis
that this third environment in which a tungsten oxide environment
is in co-ordination with a titanium rich environment holds true, as
the signal intensity of these peaks also increases with increasing
annealing (i.e., an increase in titanium accumulation). In terms of
the titanium diffusion process, peak fit analysis revealed that for
the sample containing 27 at. % Ti, an increase of up to �17% in
the total titanium signal intensity was observed after only 0.5 h of
annealing, as shown in Fig. 6, highlighting the severity and speed
of this diffusion mechanism. Additionally, by comparing the
changes in oxide concentration between the 0.5 h and 5 h annealed
samples, it can be observed that the formation of oxides does not
appear to follow a linear relationship with annealing duration but
more likely a parabolic relationship. Metals and alloys often follow
a parabolic oxidation rate as the diffusion of oxygen anions and
metal cations across the increasing oxide film begins to control the
oxide growth rate.86 Overall the peak fit analysis and results pre-
sented suggest that these systems contain many different metal
oxide phases, most of which are constrained to the surface, with
the bulk appearing more metallic, matching closely with the sche-
matic shown in Fig. 1(b).

The oxidation of these TiW systems appears to be more
impactful toward titanium than tungsten, with almost a complete
conversion of metallic titanium to TiO2 observed in the higher tita-
nium concentration and longer annealed samples. As mentioned
throughout the discussion, preferential oxidation toward titanium
over tungsten occurs. One possible reason for this mechanism as
put forward by Siol et al. is that the room temperature enthalpy of
formation of TiO2 compared to both WO3 and WO2 is
lower (TiO2 ¼ �940:5 kJ/mol,87 WO3 ¼ �842:1 kJ/mol,88 and
WO2 ¼ �586:55 kJ/mol88), which would imply that the generation of
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TiO2 would be preferred from the onset and the first to form in the
developing oxide layer before WO3 and WO2.

32 Additionally, titanium,
unlike other transition metals, exhibits a higher solubility of oxygen,
with the alpha modification holding up to 32 at. %.87 On the other
hand, oxygen solubilities for tungsten have been reported as “extremely
small” or “very low” and hence do not offer the same oxidation behav-
ior as titanium.89 These two factors confirm what is observed in the
collected spectra, in that the system exhibits strong preferential oxida-
tion of titanium but the dominance of tungsten in the alloys prevents a
significant titanium oxide surface layer from forming.

Once these samples are exposed to the ambient environment,
the oxidation process will immediately occur through physisorption
and then chemisorption of oxygen into the alloy. In a pure tung-
sten system, the likelihood of internal oxidation into the bulk is
slim, owing to its low oxygen solubility. However, oxidation of
tungsten is still thermodynamically feasible according to the
reported enthalpy of formation energies and so an external oxide
scale will likely form. The addition of titanium will enhance the
oxidation process due to its higher oxygen solubility. Titanium will
increase the partial pressure and concentration of oxygen at the
metal/air interface and at the developing metal/metal oxide inter-
face. This will encourage oxidation of the surrounding tungsten,
and this assumption is clearly represented in the recorded spectra.
Both samples with a greater bulk titanium concentration and
samples annealed for a longer duration exhibit a greater presence
of tungsten oxide phases. Overall, these results show that a TiW
film exposed to the ambient environment forms a mix of titanium
and tungsten oxides at the surface, while the bulk is predominantly
metallic. Additionally, based on the observations drawn from the
W 4f and Ti 2p spectra, it is apparent that the concentration of
surface titanium will control the oxidation kinetics.32,90,91

D. Electronic structure

In parallel to the detailed investigation of the core states, the
electronic structure of the occupied valence states of the samples
was explored. Figure 7 displays the valence bands of the 11 at. %
and 27 at. % Ti samples collected with both SXPS and HAXPES
providing surface and bulk information, respectively. Figure 7 addi-
tionally compares the experimental spectra to the theoretically cal-
culated TDOS of metallic tungsten. Clearly resolved features are
denoted with Roman numerals (I–IV) in the figure to aid discus-
sion in the text. Features I, II, III, and IV in both spectra are
located at approximately 1.4, 2.2, 3.9, and 7.4 eV, respectively. Due
to the high concentration of W and the higher photoionization
cross section of the W valence states relative to Ti, the majority
contribution to the valence band is attributed to the W 5d states.55

Therefore, DFT calculations of metallic W are sufficient and can be
used for comparison with the experimental valence band spectra to
aid interpretation. The total and projected density of states, both
unweighted and photoionization cross section weighted for SXPS
and HAXPES, can be found in the supplementary material.
Overall, the comparison of the valence band to the total density of
states provided by the DFT calculations is in excellent agreement,
particularly for the HAXPES data. It clearly shows that the main
contributions to features I–III are due to the W 5d states. However,
a noticeable disparity between theory and experiment is observed
around feature IV at the top of the valence band, particularly in the
SXPS data. This can be attributed to the oxidation of the TiW alloy
with hybridization between O 2p and W and Ti valence states in
full effect. Additionally, with increasing annealing duration and the
corresponding increase in Ti concentration at the surface, the
intensity in region IV increases, confirming the growing extent of

FIG. 6. Quantification summary comparing the relative changes between all tungsten and titanium species across all sample sets. The bottom column refers to the AD
sample, the middle refers to the 0.5 h annealed sample, and the top column refers to the 5 h annealed sample. WO�

3 refers to the third tungsten oxide environment in
co-ordination with a titanium environment. The quantification was obtained from peak fitting the Ti 2p and W 4f SXP spectra (Etch 0) and by applying the appropriate rela-
tive atomic sensitivity factors, photoionization cross sections, and correction factors. The percentages determined from the SXPS peak fit analysis appear similar but are
not identical to the listed bulk concentrations. SXPS is extremely surface-sensitive and so will not reflect the bulk composition, and additionally preferential sputtering of the
two metal elements may occur, leading to differences between the surface and bulk composition.
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oxidation. At higher annealing duration, a decrease in intensity of
the main features I and II is observed, coupled with a reduction in
the gradient of the valence band onset at EF . These effects are a
direct response to the increased concentration of titanium following
diffusion, subsequently accelerating alloy oxidation behavior and
shifting the metallic states in the valence band toward higher BE.

IV. CONCLUSIONS

The influence of post-deposition annealing and composition
on the oxidation behavior of TiW thin films was investigated using
a combination of SXPS and HAXPES. Surface-sensitive SXPS mea-
surements reveal that longer annealing times result in a greater
accumulation of titanium at the TiW/air interface. Consequently,
this increases the metal to oxide conversion for both metals. Full
metal to oxide conversion was not observed within the SXPS
probing depth in either case of titanium or tungsten as metallic
features were still retained, suggesting that any oxide is confined
predominantly to the surface. Both TiO2 and Ti2O3 oxides are
present, although contributions from the tetravalent oxide

dominate. It is also apparent that both WO2 and WO3 states exist
and increase with annealing duration. However, in order to estab-
lish a suitable peak model to allow for accurate quantification, a
tertiary oxide environment was required and was attributed to
peaks between the known WO2 and WO3 peaks. This tertiary
oxide was assigned to a WO3 environment in co-ordination with a
titanium environment, rather than an intermediate W(V) oxide
state. SXPS depth profiling proves useful to probe the elemental
composition across the TiW layer, in particular, highlighting the
depletion of titanium in the bulk, but the destructive nature of
sputtering reduces the ability to acquire detailed information on
the bulk oxidation behavior. However, HAXPES measurements
were able to reveal that the bulk of the TiW does experience oxida-
tion and the level of oxidation does increase with increasing
annealing duration, due to the migration of titanium. This combi-
natorial characterization approach is highly complementary and
HAXPES, in particular, provides a unique insight into the bulk of
the TiW film, which is otherwise compromised by the sputtering
necessary in conventional SXPS depth profiling. These findings
provide sound guidance for the future development of transition
metal-based diffusion barriers in semiconductor devices.
Furthermore, the results presented here showcase the applicability
of x-ray photoelectron spectroscopy approaches to the characteriza-
tion of multi-metal, layered systems in general.

SUPPLEMENTARY MATERIAL

See the supplementary material for SXPS and HAXPES survey
spectra, details on peak fitting strategy and results, C 1s core level
spectra, and the unweighted and cross section weighted projected
densities of states from DFT.
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within the article and its supplementary material. All data

FIG. 7. Comparison between the total density of states derived from DFT calcu-
lations of W metal with SXPS and HAXPES valence band spectra of TiW
samples, including SXPS valence band spectra of (a) 11 at. % Ti and (b)
27 at. % Ti and HAXPES valence band spectra of (c) 11 at. % and (d) 27 at. %
Ti samples compared to the TDOS of metallic W (W TDOS). Valence band
spectra are normalized to their respective areas with a Shirley-type background
removed to aid comparison to theory. The binding energy scale of the TDOS
was calibrated by aligning the theoretically determined peak position of feature I
to the experimentally determined feature I position.
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concerning the DFT calculations are openly available in the
NOMAD repository at https://dx.doi.org/10.17172/NOMAD/2021.
04.15-1. Any further supporting data are available from the corre-
sponding author upon reasonable request.
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