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Capturing the Dynamics of Ti Diffusion Across Ti W,_, /Cu
Heterostructures using X-Ray Photoelectron Spectroscopy

Curran Kalha,* Pardeep K. Thakur, Tien-Lin Lee, Michael Reisinger, Johannes Zechner,

Michael Nelhiebel, and Anna Regoutz*

Interdiffusion phenomena between adjacent materials are highly prevalent in
semiconductor device architectures and can present a major reliability
challenge for the industry. To fully capture these phenomena, experimental
approaches must go beyond static and post-mortem studies to include in situ
and in-operando setups. Here, soft and hard X-ray photoelectron spectroscopy
(SXPS and HAXPES) is used to monitor diffusion in real-time across a proxy
device. The device consists of a Si/SiO, /Ti,W;_, (300 nm)/Cu(25 nm) thin film
material stack, with the Ti, W, _, film (x = 0.054, 0.115, 0.148) acting as a
diffusion barrier between Si and Cu. The interdiffusion is monitored through
the continuous collection of spectra whilst in situ annealing to 673 K. Ti
within the TiW is found to be highly mobile during annealing, diffusing out of
the barrier and accumulating at the Cu surface. Increasing the Ti
concentration within the Ti, W, _, film increases the quantity of accumulated
Ti, and Ti is first detected at the Cu surface at temperatures as low as 550 K.
Surprisingly, at low Ti concentrations (x = 0.054), W is also mobile and
diffuses alongside Ti. By monitoring the Ti 1s core level with HAXPES, the
surface-accumulated Ti was observed to undergo oxidation even under
ultra-high vacuum conditions, highlighting the reactivity of Ti in this system.
These results provide crucial evidence for the importance of diffusion barrier
composition on their efficacy during device application, delivering insights

1. Introduction

The binary pseudo-alloy of titanium-—
tungsten (Ti, W, ., x < 0.3) is a well-
established, effective diffusion barrier,
and adhesion enhancer within silicon-
based semiconductor devices.'*] The
diffusion barrier has the primary func-
tion to prevent the interdiffusion be-
tween adjacent metallisations and the
underlying dielectric and semiconductor
materials. TiW is compatible with vari-
ous metallisations (Al, Au, Ag, In, and
Cu) and has remarkable thermal stability
at elevated temperatures (<£850°C).[*%]
Consequently, TiW diffusion barriers are
now being widely implemented in next-
generation SiC-based power semicon-
ductor technologies with copper metalli-
sation schemes,?>221 and more recently
within electrodes for GaAs photoconduc-
tive semiconductor switches (PCSSs),?!
and gate metal stacks in GaN-based
high electron mobility transistor (HEMT)
devices.[?Y

into the mechanisms underlying their effectiveness and limitations.
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Diffusion barriers are needed as Cu
and Si readily react at relatively low tem-
peratures to form intermetallic copper—
silicide compounds at the interface. The presence of such com-
pounds can induce a number of failure routes, including the
degradation of the interlayer dielectric, resulting in the creation
of short circuit pathways and thermal runaways, the generation
of deep trap levels within the semiconductor, and volume expan-
sion at the interface which can cause the delamination between
adjacent layers.'#25-2%1 All of these seriously hamper the perfor-
mance and reliability of devices. Studies have shown that TiW
films are capable of retarding and limiting this interdiffusion and
subsequent reaction.[>'8] However, when subjected to a high ther-
mal budget, a depletion of Ti within the TiW grains has been ob-
served, leading to the accumulation of Ti at grain boundaries.l*!
The segregated Ti is then able to diffuse out of the barrier and
through the metallisation via grain boundary diffusion.®] This
depletion of Ti is thought to lead to a greater defect density within
the TiW layer, consequently allowing for the potential of Cu and
Si to bypass the barrier and react. Fugger et al. cite that this out-
diffusion process is an “essential factor” in the failure of this
barrier,[') and others have also documented the segregation of
Ti during high-temperature annealing.[1219203031]

© 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 1. Schematic representation of the samples and experimental approach (not drawn to scale). a) Device stack on a sample holder being annealed
in situ to 673 K and the expected Ti diffusion represented by grey vertical arrows. b) A magnified view of the copper surface showing the Ti accumulation
and the two photon energies used for SXPS and HAXPES measurements to excite the Ti 2p and Ti 1s electrons from the same depth. c) SXPS laboratory-
based Art sputtering depth profile used to quantify the elemental distribution across the TiW/Cu bilayer after in situ annealing (i.e., post-mortem).

Given the importance of the TiW barrier to the overall de-
vice performance, reliability and its application in future SiC
technologies and beyond, this Ti diffusion degradation process
must be better understood, including how it impacts the sta-
bility of the TiW/Cu structure. The common thread across the
vast majority of past experimental studies on TiW and diffu-
sion barriers in general, including the present authors’ previ-
ous work,[1*32] is that ex-situ samples are used to track the evo-
lution of the diffusion process and to determine the tempera-
ture at which the barrier fails. Such studies also often focus on
one Ti concentration and are therefore unable to address the ef-
fect of the titanium concentration of the film on the degradation
mechanism.

Although ex-situ prepared samples give a good representation
of the device after stress events, it is difficult to correlate the re-
sults directly with what a device is experiencing during the ap-
plied stress.[#20] Therefore, it is crucial to develop new character-
isation strategies that can probe the degradation mechanism dy-
namically under realistic conditions while allowing for changes
to the chemical states across the device stack to be monitored.

To the best of our knowledge, only Le Priol et al. and Siol et al.
provide in situ monitoring measurements on TiW, both employ-
ing in situ X-ray diffraction (XRD). Le Priol et al. studied the ef-
ficiency of a TiW barrier deposited from a 70:30 at.% W-Ti alloy
target against indium diffusion at temperatures between 573 and
673 Kunder vacuum.['”] The authors could correlate the TiW bar-
rier efficiency with its microstructure and determine the diffu-
sion coefficient of In in TiW. Siol et al. were interested in under-
standing the oxidation of TiW alloy precursors and observed oxy-
gen dissolution and the formation and decomposition of mixed
(W, Ti)-oxide phases when ramping the temperature between 303
and 1073 K in air.33!

An explanation for the lack of in-situ/operando experiments
in the field, which is in contrast to the importance of these mate-
rial interfaces in both novel and commercial device applications,
is the challenges associated with performing such experiments.
These include extensive periods of time required to collect suffi-
cient data, the availability of instruments with in situ capability,
and difficulties in sample preparation and interfacing.

The present work combines soft and hard X-ray photoelec-
tron spectroscopies (SXPS and HAXPES) with in situ anneal-
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ing to study the effect of annealing temperature, annealing du-
ration, and Ti:W ratio on the thermal stability of TiW/Cu bi-
layers in real-time, considerably expanding on the existing ex-
situ work, including the present authors’ previous studies.l!*32]
Si/Si0, /Ti,W,_,(300 nm)/Cu(25 nm) device stacks (see Figure 1a
for a schematic of the stack) are annealed up to a maximum tem-
perature of 673 K (400°C) and held there for 5 h. At the same
time, soft and hard X-ray photoelectron spectra are continuously
recorded to capture the Ti diffusion process and changes to the
chemical state across the copper surface (see Figure 1b for a
schematic). The target temperature of 673 K is selected as it is
in a common temperature regime employed during device fab-
rication to obtain desired grain growth and texture of the cop-
per metallisation.’!**] Additionally, it is a temperature that can
occur at short circuit events during the operation of potential
devices.[]

A major benefit of combining the two variants of X-ray pho-
toelectron spectroscopy (XPS) is that SXPS is more surface-
sensitive, whereas HAXPES enables access to the Ti 1s core line.
The Ti 1s offers an alternative to the commonly measured Ti 2p
with soft X-ray sources. The Ti 1s compared to the Ti 2p has
the added benefits of covering a smaller binding energy (BE)
range and consequently necessitating a shorter collection time,
the absence of spin-orbit splitting (SOS), no additional broaden-
ing to consider from the Coster—Kronig effect that influences the
Ti 2p,, peak, and the absence of underlying satellites. For these
reasons, the exploitation of the 1s core level over the 2p is becom-
ing increasingly popular for transition metals, especially for the
disentanglement of charge transfer satellite structures in the X-
ray photoelectron spectra of metal oxides.[?40]

HAXPES is typically employed as it offers a larger probing
depth than conventional SXPS.[*)l However, here, it is strategi-
cally used to obtain comparable probing depths of the Ti 2p and
Ti 1s core lines, collected with SXPS and HAXPES, respectively.
Using this combination, the more widely studied Ti 2p spectra
can be used to understand the Ti 1s spectra better. In addition to
the synchrotron-based XPS experiments, quantitative laboratory-
based SXPS depth profiles were also conducted on the samples
following the in situ experiment (i.e., post-mortem) to ascertain
the quantitative distribution of Ti across the Cu metallisation (see
Figure 1c for a schematic of the depth profiling).

© 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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2. Experimental Section

2.1. Samples

Three as-deposited Si/SiO,/Ti,W,_,/Cu thin film stacks with
varying Ti:W compositions were prepared through an established
industrial route. The stack consists of a 50 nm SiO, layer on an
un-patterned Si(100) substrate, above which a 300 nm thick TiW
layer was deposited via magnetron sputtering. The TiW films
were deposited from composite targets with a nominal atomic
concentration of 30:70 Ti:W, determined by X-ray fluorescence
spectroscopy (XRF). By varying the deposition parameters, three
samples with an average Ti concentration, x across the entire
film thickness of 5.4+0.3, 11.5+0.3, and 14.8+0.6 at.% relative
to W were realised (i.e., (Ti/(Ti+W))x100). These concentrations
were determined using laboratory-based SXPS and depth profil-
ing across the entire film thickness (further details regarding the
quantification of the TiW films can be found in Content I, Sup-
porting Information). These samples will be referred to as 5Ti,
10Ti, and 15Ti, respectively, for the remainder of the manuscript.
Finally, a 25 nm Cu capping layer was deposited via magnetron
sputtering on top of the TiW barrier. Deposition of both TiW
and Cu was conducted in an argon discharge with no active sub-
strate heating or vacuum break between successive depositions.
The deposition chamber operated under a base pressure of 1078-
1077 mbar. Further details regarding the deposition process have
been reported in Refs.[31, 41].

2.2. Dynamic Synchrotron-Based SXPS/HAXPES
2.2.1. Beamline Optics and End Station Details

SXPS and HAXPES measurements were conducted at beam-
line 109 of the Diamond Light Source, UK,[*!] at photon ener-
gies of 1.415 and 5.927 keV, respectively (these will be abbrevi-
ated as 1.4 and 5.9 keV throughout the remaining manuscript).
A 400 lines per mm plane grating monochromator was used to
choose the energy range of 1.4 keV, resulting in a final energy
resolution of 330 meV at ambient temperature. Using a post-
monochromator Si(004) channel-cut crystal and a double-crystal
Si(111) monochromator, 5.9 keV was used, yielding a final energy
resolution of 290 meV at ambient temperature. The total energy
resolution was determined by extracting the 16%-84% width of
the Fermi edge of a clean polycrystalline gold foil (see Content II,
Supporting Information, for further information on determining
the resolution). The end station of beamline 109 was equipped
with an EW4000 Scienta Omicron hemispherical analyser, which
has a +28° acceptance angle. The base pressure of the analysis
chamber was 3.5x107!° mbar. To maximise the efficiency in the
collection of spectra, the measurements were conducted in graz-
ing incidence and at near-normal emission geometry.

2.2.2. Annealing
Samples were individually annealed in situ to a sample target

temperature of 673 K (400°C) using a tungsten filament heater,
and held at the temperature for approximately 5 h. The sample
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Figure 2. Representative temperature profile acquired from the Lakeshore
temperature controller during the measurements on sample 5Ti. The tem-
perature profile consists of three stages. Stage 1: a quick ramp to 523 K
in a subsidiary chamber. Stage 2: a 10 K per (spectral cycle) ramp in the
main analysis chamber, which was then decreased to a 5 K per (spectral
cycle) ramp once 653 K was reached. The temperature was ramped step-
wise in Stage 2 to allow the pressure in the analysis chamber to recover
to <7x107'0 mbar after each temperature step (see inset for the pressure
profile). Stage 3: holding period at 673 K for 5 h. The dotted lineatt =0h
indicates the start of the measurement window.

plate used for the experiment consisted of a copper disk (3 mm
thick, 8 mm diameter) fixed to the centre of a flat tantalum plate,
on which the sample was placed and secured using clips. Good
thermal contact was made between the copper disk and the sam-
ple using a thin silver foil. This allowed the sample temperature
to be inferred by attaching an N-type thermocouple to the cen-
tre of the copper disc. The thermocouple was also connected to
a Lakeshore temperature controller, which was programmed to
ramp the sample temperature at a constant rate under a closed-
loop control (see Content III, Supporting Information, for an im-
age of the sample plate holder).

Prior to in situ annealing, all samples were gently sputter
cleaned in situ for 10 min using a 0.5 keV de-focused argon
ion (Ar*) source, operating with a 6 mA emission current and
5X107> mbar pressure. This was necessary to remove the native
copper oxide that had formed on the sample surface during sam-
ple transport.

The process of in situ annealing encourages the purging of
adsorbed gases and organic species within the sample and on the
sample surface (i.e., degassing). Therefore, annealing in a UHV
environment will increase the chamber pressure, which was un-
desired, especially during the collection of photoelectron spectra.
To account for sample degassing, the annealing process was con-
ducted step-wise to ensure a good analysis chamber pressure was
maintained throughout the measurements. Figure 2 displays a
representative temperature profile acquired for sample 5Ti and
the related pressure profile within the analysis chamber (see

© 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH

85UB017 SUOLUIOD 9AITe8.D) 3[cfed ! (dde U Aq peusenob ae 9l VO ‘8sn J0 Sojni o} A%eiq 18Ul UO /8|1 LO (SUONIPUCD-PUE-SWSIALIOY A8 | 1M AReaq Ul |uo//:Sdny) SUORIPUOD pue swie | 8y} 89S *[£202/90/20] U0 Akeiqi8uliuo A8|im ‘seoinses Akeiqi 0N uopuo abe|joD AisieAlun Aq 800005202 1xde/z00T 0T/I0p/wod" Aa 1M Aiq1jeul|uo//sdny Wwolj pepeojumoq ‘0 ‘002TTS.Z



ADVANCED
SCIENCE NEWS

ADVANCED
PHYSICS
RESEARCH

www.advancedsciencenews.com

Content IV, Supporting Information, for the temperature profiles
collected for all three samples). The temperature profile consists
of three stages. Additionally, as seen in the pressure profile in
Figure 2, with every increasing step in temperature, a temporary
increase in pressure resulted due to the degassing of the sample.

Prior to annealing in the analysis chamber, the samples were
first heated in a subsidiary sample preparation chamber to re-
move the majority of adsorbed molecules. This stage of anneal-
ing involves a fast ramp from room temperature to 523 K and will
be referred to as Stage 1 of the annealing process. The Ti diffu-
sion process was assumed to be insignificant in this temperature
range. Next, the sample was moved to the main analysis chamber,
where the temperature was ramped step-wise from 523 K to the
target temperature of 673 K while maintaining on average a pres-
sure of 7x1071% mbar (referred to as Stage 2). The temperature
was then held at the 673 K target temperature for 5 h (referred to
as Stage 3). The spectra were continuously collected using SXPS
and HAXPES from the start of Stage 2 until the end of Stage 3
of the annealing process. The period where the spectra were col-
lected will be referred to as the “measurement window”. Across
the measurement window, the same group of spectra were col-
lected iteratively, which will be referred to as the “spectral cycle”.
Each spectral cycle took approximately 15 min to collect, and de-
tails on which spectra were selected will be discussed in the fol-
lowing section. During Stage 2, the temperature was increased
once a spectral cycle was completed, which coincidentally allows
sufficient time for the analysis chamber pressure to recover be-
low 8x1071% mbar.

For completeness, note that during the initial stages of anneal-
ing, sample 10Ti degassed more than samples 5Ti and 15Ti, and
therefore the temperature ramp of Stage 2 for sample 10Ti was
paused to allow the pressure to recuperate. This meant that sam-
ple 10Ti was held at 543 K for four spectral cycles rather than one.
Therefore, the total annealing time of sample 10Ti was extended
by approximately 1 h compared to the annealing time of samples
5Ti and 15Ti. This was not expected to affect the diffusion pro-
cess significantly or the resultant accumulation profiles, as the Ti
diffusion at this temperature was minimal.

2.2.3. Core Level Selection

The spectral cycle, which was run in an iterative loop during the
experiment, included the following core level spectra: Cu 2p; ,,
Ti 2p, and W 44 collected with SXPS, and Ti 1s collected with
HAXPES. The W 4d core level was selected over the commonly
measured W 4fline as the former does not overlap with the core
levels of Cu or Ti in this region, whereas the latter overlaps with
the Ti 3p core level. The Cu Fermi edge was also included in the
spectral cycle and was collected with both SXPS and HAXPES
throughout the measurement window to (a) provide an intrinsic
method of calibrating the BE scale and (b) monitor any change to
the total energy resolution as a consequence of raising the sample
temperature. Based on 16/84% fits of the collected Fermi edges
across all measurements, the effect of thermal broadening was
negligible under the experimental conditions used, and further
information can be found in Content V (Supporting Informa-
tion). All spectra were aligned to the intrinsic Cu Fermi energy
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(E) and the spectral areas were obtained using the Thermo Avan-
tage v5.9925 software package. The BE values quoted in this work
were considered to have an estimated error of +0.1 eV.

The SXPS photon energy was set to 1.4 keV so that the ki-
netic energy (KE) of excited Ti 2p electrons at this photon en-
ergy matches the KE of Ti 1s electrons excited with the HAXPES
photon energy (KEy; 1, & KEy; 2, 961 eV). Using the QUASES
software package,[*] the inelastic mean free path (IMFP) of Ti 2p
and Ti 1s electrons in Cu metal at the SXPS and HAXPES photon
energies were calculated. The IMFP for the Ti 1s and Ti 2p;, was
approximately 1.50 nm, and so the estimated probing depth (34)
was 4.50 nm. Therefore, a direct comparison between the two
Ti core levels will be possible as they originate from very similar
probing depths.

2.3. Laboratory-Based SXPS

SXPS depth profile measurements were conducted on the sam-
ples annealed at 109 using a laboratory-based Thermo K-Alpha+
XPS spectrometer (i.e., the in situ annealed samples were re-
moved and kept for a post-mortem analysis). The instrument
operates with a monochromated Al Ka photon source (hv =
1.4867 keV) and consists of a 180° double-focusing hemispheri-
cal analyser, a 2D detector that integrates intensity across the en-
tire angular distribution range, and operates at a base pressure of
2x 107 mbar. A 400 um spot size was used for all measurements,
achieved using an X-ray anode emission current of 6 mA and a
cathode voltage of 12 kV. A flood gun with an emission current
of 100 pA was used to achieve the desired level of charge com-
pensation. The total energy resolution of the spectrometer was
determined to be 400 meV. Survey and core level (W 4f, Ti 2p,
O 1s, and Cu 2p;),) spectra were collected with pass energies of
200 and 20 eV, respectively. Depth profiles were achieved by util-
ising a focused Ar* ion source, operating at 500 eV energy and
10 mA current, rastering over a 2xX2 mm? area with a 30° sputter-
ing angle. A total of 17 sputter or etch cycles, each lasting 180's,
was carried out with survey and core level spectra collected af-
ter each etch cycle. The data were analysed using the Thermo
Avantage v5.9925 software package. The error associated with the
quantification values was estimated to be +0.3 at.% owing to the
complexity of the W 4f core level and the low quantities of Cu and
Ti/W in the TiW and Cu layers, respectively.

3. Results and Discussion

Reference room temperature survey and core level spectra (Ti 1s,
Cu 2p, Ti 2p, and W 4d) were collected for the three samples after
the in situ sputter cleaning process, and prior to annealing, with
the results displayed in Content VI (Supporting Information).
From the survey spectra, the sample surfaces appear clean
and are dominated by signals from Cu. Virtually no carbon is
detected, and only a trace quantity of oxygen is present when
measured with SXPS. The Cu 2p,, core level spectra are near
identical for the three samples, and the position and line shape
are commensurate with metallic copper.*#¢! A low-intensity
satellite is observed between 943 and 948 eV in the Cu 2p;),
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Figure 3. Cu 2p;, core level spectra collected during the 673 K holding period (Stage 3) for sample a) 5Ti, b) 10Ti, and c) 15Ti. Spectra for each sample
are plotted over the same y-axis scale to show the differences in intensity across the three samples. The spectra have not been normalised, but a constant
linear background has been removed. To avoid congestion of this figure, spectra collected every other spectral cycle are presented (i.e., 30 min) rather
than at every spectral cycle (i.e., 15 min). The legend displayed in (b) also applies to (a) and (c). Here, t = 0 h refers to the start of the 5 h holding

period.

core level spectra, but comparing the spectra to reference mea-
surements of a polycrystalline Cu foil and an anhydrous Cu,O
powder, the satellite intensity is in agreement with the Cu foil.
This confirms that the Cu surface of these samples can be con-
sidered metallic and the native oxide contribution is minimised
after in situ sputtering.

Importantly no Ti or W is observed in these room tempera-
ture measurements. This confirms both that the Cu layer is suffi-
ciently thick so that even with SXPS, the underlying TiW cannot
be probed, and that the surfaces are consistent across all sam-
ples. The reference measurements show that the Cu L,M;M, 5
Auger line overlaps with the Ti 1s core line, but its intensity is
vanishingly small.[*#8] Nevertheless, care was taken to remove
this contribution when we quantified the Ti 1s region to accu-
rately determine the relative change in Ti concentration at the
surface.

The following sections present the Cu, Ti, and W core level
spectra and associated accumulation profiles as a function
of annealing duration/temperature across the three samples,
with a focus on the initial stages of annealing and the 673 K
holding period.

3.1. In Situ Annealing Profiles
3.1.1. Copper

Figure 3 displays the Cu 2p; , core level spectra collected over the
5 h holding period at 673 K for all three samples, that is, Stage 3
(with t = 0 h in Figure 3 referring to the start of the 5 h holding
period). The spectra across all samples confirm that Cu still re-
mains in its metallic state during annealing, with a BE position
of approximately 932.5 eV. Additionally, the narrow full width at
half maximum (FWHM), found to be 0.8 eV, and the lack of sig-
nificant satellite features in the 943-948 eV region give further
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confirmation of the metallic nature of the Cu surface.[*~*¢! From
Figure 3 it can be observed that after annealing and within the
673 K holding period, sample 5Ti has the highest Cu 2p;, sig-
nal intensity (Figure 3a), followed by samples 10Ti (Figure 3b)
and 15Ti (Figure 3c). Moreover, within the 5 h holding period,
the signal intensity is continually decreasing with annealing du-
ration and this effect is most notable in Figure 3c for the sample
with the highest Ti concentration.

To determine the change in concentration of Cu at the sample
surface across the measurement window, peak fit analysis of the
Cu 2p;), core level was conducted to determine the change in
area, with the resultant profile displayed in Figure 4a. In Figure 4,
time, £ = 0 h is redefined as the first measurement point of the
measurement window (i.e., at the start of Stage 2 at a temperature
0f 523 K (250°C)). Note, t = 0 h in the context of Figure 4 is not the
same as t = 0 h in Figure 3. The same is also true for Figures 5
and 7, which present the equivalent spectra to Figure 3 for the
Ti 1s and W 44 core levels, respectively.

The Cu 2p;, intensity profile in Figure 4a reflects what is ob-
served in the core level spectra collected across the 673 K holding
period shown in Figure 3, in that the Cu 2p; , signal intensity de-
creases as a function of time and annealing temperature across
both Stages 2 and 3 of the annealing process. The decrease in in-
tensity of the Cu 2p, , signal with time is a consequence of the
diffusion of Ti out of the TiW layer during annealing. The ac-
cumulation of Ti leads to a displacement of Cu atoms and the
formation of a Ti-rich surface layer, consequently attenuating the
Cu signal. Additionally, when the TiW is more Ti-rich, Figure 4a
shows that the Cu signal diminishes more extensively, suggest-
ing a greater out-diffusion of Ti. As expected based on this inter-
pretation, sample 15Ti shows the largest decay rate in the Cu 2p; ,
signal, followed by sample 10Ti and then 5Ti. At the end of the
measurement window, the Cu 2p; , signal intensity has depreci-
ated by approximately 2.8, 8.8, and 32.3 %, for sample 5Ti, 10Ti,
and 15Ti, respectively.
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Figure 4. Relative area intensities measured as a function of time, t collected across the measurement window for all three samples, including a) Cu,
b) Ti, and c) W profiles, determined from peak fitting the Cu 2p;,, Ti 1s and W 4d core level spectra, respectively, at each spectral cycle. Here, t=0h
refers to the start of the measurement window. The yellow-filled marker for each dataset refers to the time when the 673 K holding period commences
(i.e., data points before and after the marker refer to Stage 2 and 3 of the annealing process). Vertical guidelines are also in place to mark this point for
each sample. For Cu, the measured total Cu 2p3), areas are normalised relative to the initial raw area (ly) of their respective sample (i.e., I/15). For Ti,
the measured total raw Ti 1s signal area for each sample is first normalised relative to the raw area of the Cu 2p;, core level measured during the same
spectral cycle, and then, the resultant Ti 1s/Cu 2p;, area is normalised relative to the final raw intensity of sample 15Ti (i.e., I/I¢). The W accumulation
profile was determined by normalising the measured total raw W 4d spectral areas following the method used for the Ti 1s normalization (i.e., 1/1£).

(a) Ti1s, 5Ti@ 673 K

(b) Ti1s, 10Ti @ 673 K (c) Ti1s, 15Ti@ 673 K
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Figure 5. Ti 1s core level spectra collected during the 673 K holding period (Stage 3) for samples a) 5Ti, b) 10Ti, and c) 15Ti. Spectra for each core
level are plotted over the same y-axis scale to show the differences in intensity across the three samples. The spectra have not been normalised, but a
constant linear background has been removed. Additionally, spectra recorded every other spectral cycle are displayed to aid in interpreting the data. For
sample 5Ti, the spectra are also shown magnified by x30 to aid with viewing. The legend displayed in (b) also applies to (a) and (c). Here, t = 0 h refers
to the start of the 5 h holding period.

3.1.2. Titanium

The Ti 1s core level spectra collected across the 5 h 673 K holding
period (Stage 3) are displayed in Figure 5, with the BE positions of
the main signals annotated (see Contents VII and VIII, Support-
ing Information, for the equivalent Ti 2p core level spectra and
heat maps of the Ti 1s spectra collected across the measurement
window, respectively).

Figure 5 shows that by the time the 673 K holding period starts,
aTi 1s peak is observed across all three samples and the intensity
continually increases during the 5 h holding period. This con-
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firms that the onset of diffusion occurs prior to Stage 3 of the
annealing process, as assumed during the discussion of the Cu
profile. Significant differences in intensity of the Ti 1s spectra as
a function of Ti concentration are observed, with sample 15Ti
showing a considerably more intense peak than sample 10Ti and
5Ti (note the x30 magnification of the 5Ti spectra). Notably, the
spectral line shape also appears different across the samples in-
dicating a change in the chemical state of the accumulated Ti.
All spectra exhibit a lower BE feature at 4964.2-4965.1 eV, cor-
responding to metallic Ti in varying environments (labeled as
Ti(0)). As the Ti 1s core level is not as widely studied as Ti 2p due to
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the need for hard X-ray sources, only a handful of publications ex-
ist, with reported BEs varying considerably.?*#*-¢ The BE posi-
tions of the Ti(0) 1s peak observed in the present work fall within
the literature range of metallic Ti, and the asymmetric line shape
of the peak, which can be clearly observed in Figure 5b,c, is com-
mensurate with this assignment. An asymmetric line shape is a
hallmark of the core level spectra of many transition metals.[>”]

The 10Ti and 15Ti samples show a small BE difference of
0.2 eV, which could be attributed to the differences in the Ti:Cu
and/or Ti:O ratio at the evolving surface. In contrast, the BE po-
sition in the 5Ti spectra is considerably lower, with a -0.9 eV shift
relative to the BE position observed in the spectra of sample 10Ti.
This shift can be attributed to the distinctly different surface con-
figuration of this sample due to the dominance of Ti-O environ-
ments and the co-diffusion of tungsten, both of which will be dis-
cussed later. Moreover, the quantity of Ti diffused to the surface
is incredibly small for sample 5Ti, and therefore, the shift could
be due to strong surface effects, with far fewer nearest neighbors
being Ti leading to a negative shift in BE position.[>®>°]

During the 673 K holding period, the nature of the accumu-
lated Ti for samples 10Ti and 15Ti is predominately metallic,
given that a single asymmetric peak is visible (see Figure 5b,c).
The accumulated Ti for sample 5Ti, shown in Figure 5a, is strik-
ingly different as the intensity of the lower BE metallic peak is
overshadowed by a large, fairly symmetric peak at approximately
+4.5 eV from the Ti(0) 1s peak. This peak, labeled as Ti(IV) 1s, is
attributed to Ti-O environments in the Ti +4 oxidation state (i.e.,
TiO, like). Renault et al. report the Ti 1s BE position of the TiO,
environment on a TiN film at 4968.8 eV,**] which agrees well
with the value reported here. Therefore, unlike samples 10Ti and
15Ti, the Ti accumulated at the surface of sample 5Ti is not pre-
dominately metallic but oxidic. Additionally, there is a shoulder
on the lower BE side of this Ti(IV) 1s peak (marked with an as-
terisk, *), which is attributed to lower valence states of Ti (i.e.,
+2, +3) that may also form due to the limited quantity of oxygen
expected to be present (see Content IX, Supporting Information,
for a peak fit analysis of the spectra highlighting the presence of
such environments). This shoulder increases in intensity with in-
creasing annealing duration, and at the end of the 5 h period, a
distinct Ti(0) 1s peak is difficult to observe.

To aid with the interpretation of the Ti 1s spectra, as well as
validate the chemical state assignments made so far, the Ti 2p
spectra are used in parallel (see Content VII, Supporting Infor-
mation). The Ti 2p spectra for samples 10Ti and 15Ti show a dou-
blet peak with an asymmetric line shape at 454.5 and 460.6 eV
(SOS = 6.1 eV), in agreement with metallic Ti.[*¢!] For sample
5Ti, three peaks are identified at 453.8, 459.0, and 464.8 eV. The
lowest BE peak corresponds to Ti 2p;, of Ti(0), whereas the other
two correspond to the doublet of Ti oxide in the +4 oxidation state
(SOS = 5.8 eV), labeled as Ti(IV) (with the Ti(IV) 2p; , peak over-
lapping the Ti(0) 2p,, peak). These BE positions and the SOS of
the Ti(IV) oxide doublet match well with literature values.[6263]

A shift of the lower BE Ti(0) 2p; , peak between the three sam-
ples is observed, with the peak positioned at 453.8, 454.7, and
454.4 eV for samples 5Ti, 10Ti and 15Ti, respectively. The relative
shifts are similar to those observed in the Ti 1s spectra. Moreover,
the Ti 2p spectra recorded for sample 5Ti also display a shoulder
on the lower BE side of the main Ti(IV) 2p, ,, again reflecting
what has been observed in the Ti 1s spectra, suggesting the pres-
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ence of lower valence oxidation states that may form during the
reaction between Ti and oxygen.[%%] Overall, this confirms the
peak assignments made using the Ti 1s core level are valid and
shows the importance of using multiple core levels to have con-
fidence in the assignment of chemical states.

The observation of almost completely oxidised Ti on the sur-
face of sample 5Ti is of interest, given that these measurements
were conducted under ultra-high vacuum (UHV) conditions and
annealed in situ. The level of observed oxidation cannot be ex-
plained by Ti gettering residual oxygen from the analysis cham-
ber as the quantity present in the chamber is insufficient to pro-
mote oxidation of Ti to the extent observed. Furthermore, as
the sample is heated during the measurement, the sticking co-
efficients for adsorbed gases are greatly reduced. An alternative
source of oxygen is residual oxygen within the Cu film, whether
that be intrinsic to the film (i.e., incorporated during deposition)
or that the sputtering process prior to annealing did not fully
remove the native oxide layer that formed during the exposure
of the samples to the atmosphere. From the room temperature
reference survey spectra found in Content VI (Supporting In-
formation), a small intensity O 1s signal is present. Laboratory-
based SXPS depth profiling on the as-deposited samples was con-
ducted to determine the oxygen level within the starting (i.e., pre-
annealed) films and to validate this assumption further. Three
sputter cycles (or etch steps) were completed before the underly-
ing TiW signal became strong (see Content X, Supporting Infor-
mation, for the collected spectra). The profiles showed that within
the Cu bulk, less than 2 rel. at.% of O is present, thatis, <2at.% O,
>98 at.% Cu. Within the errors of the performed quantification,
this amount is enough to facilitate the observed Ti oxidation.

Overall it is apparent that the oxidation of Ti is dependent on
both the quantity and rate of accumulation of Ti metal at the sur-
face. Given the significant Ti oxidation observed for sample 5Ti,
owing to the low concentration of accumulated Ti, it is expected
that during the early stages of annealing for the higher concentra-
tion samples (10Ti and 15Ti), when an equally low concentration
of Ti is expected to accumulate, oxidation will occur. To confirm
this and explore the oxidation of accumulated Ti further, Figure 6
displays the Ti 1s core level spectra collected across the measure-
ment window for sample 10Ti (equivalent figures for sample 5Ti
and 15Ti can be viewed in Contents XI and XII, Supporting In-
formation, respectively). Figure 6a shows that during the initial
stages of annealing sample 10Ti (<603 K), the intensity first in-
creases within the region of 4966—4970 eV. After 603 K the inten-
sity increases below 4966 eV, where the metallic Ti(0) 1s peak is
located, and this peak quickly becomes the dominant contribu-
tion to the total line shape and consequently masks the intensity
of the environments seen on the higher BE side.

From Figure 5a, we know that the 4966-4970 eV region cor-
responds to Ti-O environments, namely the Ti(IV) oxidation en-
vironment, suggesting that even for sample 10Ti, during the ini-
tial stages of annealing when the accumulated Ti concentration is
low, oxidation of Ti metal occurs. This region will be referred to as
Ti-O environments in the following discussion. Figure 6b further
emphasises the development of Ti-O environments by focusing
on the spectra collected between 523 and 623 K. From this, it is
clear that Ti-O environments evolve first and then after 603 K,
the Ti(0) 1s peak appears due to the continuing diffusion of Ti
metal from the TiW layer. It should be noted that the Cu LMM
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Figure 6. Initial stages of annealing (523-673 K) monitored using the Cu 2p; , and Ti 1s core level spectra. a) Raw Ti 1s core level spectra collected (i.e.,
with no intensity normalisation) at each temperature increment, with +5 h referring to the data collected at the end of the 5 h 673 K holding period.
b) A magnified view of the raw Ti Ts core level spectra collected between 523 and 623 K and a room temperature reference measurement on the same
sample (i.e., before annealing) to highlight the Cu Auger contribution. c) Normalised (0-1) Ti 1s core level spectra to emphasise the change in line shape
as a function of temperature. d) Normalised (0-1) Cu 2p; , spectra taken at selected temperatures. (a) and (b), and (c) and (d) are plotted on the same
y-axis scale, respectively (note the x12.5 magnification of the y-axis scale of (b)).

Auger peak is also present in this region, however, given that
the main Cu 2p;, core level peak decreases with annealing dura-
tion and temperature, the observed increase in spectral intensity
in this region cannot be explained by any interference from the
Auger peak.

The transition from predominantly Ti oxide to metal is evident
in Figure 6c, showing the Ti 1s spectra normalised to the maxi-
mum peak height. This figure shows that the main intensity peak
signal shifts toward lower BEs across the temperature range of
623-673 K (highlighted with an arrow), and this is accompanied
by a decrease in the relative intensity of the Ti-O region. The ob-
served shift is due to the emergence of the Ti(0) 1s metal peak and
the overall reduction of the Ti-O contribution to the total spec-
tral line shape. Lastly, Figure 6d displays the Cu 2p,, spectrum
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recorded at different temperatures across the measurement win-
dow, and no discernible change is observed in the spectra. Ad-
ditionally, Content XIII (Supporting Information) shows that the
same observation is true when comparing the Cu 2p; , line shape
across all three samples. This indicates that only the Ti, not the
Cu, is undergoing changes to its chemical state at the develop-
ing interface.

Therefore, oxidation of the surface accumulated Ti is also ob-
served in sample 10Ti but is more evident during the initial
stages of annealing where the rate of metal Ti diffusion and quan-
tity of accumulated Ti is small. The same holds true for sample
15Ti as seen in Content XII (Supporting Information). Beyond
the qualitative analysis of the Ti 1s/2p spectra, an accumulation
profile of Ti at the Cu surface across the measurement window
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can be obtained. The Ti accumulation profiles for the samples
were extracted from the Ti 1s core level spectral areas and are dis-
played in Figure 4b (the equivalent Ti 2p profile can be found in
Content XIV, Supporting Information). Before discussing these
profiles, it is important to reiterate that they represent changes
in the quantity of surface-accumulated Ti with respect to time
and not temperature, but with increasing time, the temperature
also rises.

The temperature at which Ti is first observed at the Cu sur-
face (i.e., the onset), is difficult to identify with full confidence
as the signal is very small, especially for samples 5Ti and 10Ti.
For these two samples, the temperature range between 553 and
563 K (i.e., within the first 2 h of Stage 2) is when a Ti signal
is clearly detectable. The detection of these small Ti signals was
only possible through analysing the Ti 1s core level as it was much
more intense and sharper than the Ti 2p (Content XV, Supporting
Information, provides a comparison of the Ti 2p and Ti 1s mea-
sured at the same point to highlight this issue). In contrast, for
sample 15Tij, it is obvious from Figure S15b (Content XII, Sup-
porting Information), which Ti is observed from the start of the
measurement window (i.e., 523 K) and may have even begun to
accumulate during Stage 1 of the annealing process.

The Ti profile displayed in Figure 4b shows that with increas-
ing the concentration of Ti within the TiW film, a greater out-
diffusion of Ti is observed and thus, a greater accumulation of
Ti on the Cu surface occurs. From the profile, it is apparent that
the rate of diffusion and the quantity of accumulated Ti differs
significantly across the three samples. Focusing on the last data
point in the Ti profile at the end of the 673 K holding period, the
Ti 1s/Cu 2p;), area ratios of samples 5Ti and 10Ti are 3.7+0.5
and 18.2+0.5 %, respectively of that of sample 15Ti. This indi-
cates that a linear relationship between the Ti concentration in
the film and the quantity of accumulated Ti on the Cu surface
does not exist (i.e., they do not scale proportionally).

Sinojiya et al. studied similar Ti,W,_, films across a com-
position range and observed that above a certain Ti concentra-
tion threshold, segregation of Ti toward the grain boundaries
was favored, and this enrichment increased with increasing Ti
concentration.[®®) Additionally, they observed that the change in
Ti concentration not only enhances the segregation of Ti but
is also accompanied by a change in stress, microstructure, and
grain boundary density within the TiW films. A columnar grain
boundary structure was also observed at higher concentrations
as well as a relatively higher grain boundary density. Therefore,
in our case, for sample 15Ti it is possible that a greater quan-
tity of Ti was already segregated from the TiW grains within the
as-deposited films or that annealing promoted a greater segrega-
tion compared to samples 5Ti and 10Ti, and consequently that
this led to the differences observed in the Ti accumulation pro-
file between the three samples. Furthermore, based on the work
of Sinojiya et al., the expected differences in the microstructure
across samples 5, 10, and 15Ti will also contribute to the changes
observed in the Ti diffusion profile as properties such as grain
boundary density will affect the rate of diffusion.

The Ti accumulation profile displayed in Figure 4b, collected
across the measurement window of all three samples, exhibit two
different diffusion regimes. The first regime occurs before the
673 K target is reached (i.e., during Stage 2), wherein a rapid ex-
ponential increase in intensity occurs when ramping the temper-
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ature. Once the 673 K target is reached (i.e., during Stage 3), the
second regime occurs wherein the diffusion rate begins to de-
celerate and starts to plateau. A plateau is observed for sample
5Ti, and signs of a plateau are present for sample 10Ti by the end
of the measurement window. In contrast, the profile for sample
15Ti does not show signs of plateauing, indicating that Ti contin-
ues to accumulate at the Cu surface under the temperature and
measurement window tested in this experiment. By fitting the
linear portions of the Ti 1s profile collected during Stages 2 and
3 of annealing, the rate of increase (i.e., slope) in the Ti 1s signal
intensity relative to sample 15Ti can be determined. The gradi-
ents of the linear fits of Stage 2 for samples 5Ti, 10Ti and 15Ti
were found to be 0.7, 4.1 and 17.9, respectively, and for Stage 3
were found to be 0.2, 1.3, and 10.3, respectively, with an abso-
lute error of +0.5. These values highlight the dramatic decrease
in the Ti accumulation rate during Stage 3 of annealing. Multi-
ple processes could be responsible for these changes in the ac-
cumulation rate. For instance, only a finite quantity of Ti may be
available to segregate from the TiW grains, therefore, after an-
nealing for several hours, a plateau is reached as no more Ti is
available to diffuse.!"”] Additionally, the accumulation appears to
decelerate after the 673 K mark is reached. This deceleration may
imply that when subjected to a constant temperature rather than
a temperature ramp, the rate of diffusion levels off as a steady-
state system is reached due to the thermal input remaining at a
constant rate.

3.1.3. Tungsten

Figure 7 displays the collected W 4d core level spectra for all sam-
ples during the 5 h 673 K holding period (Stage 3). W is not ob-
served within this period for the 10Ti and 15Ti samples, however,
it is detected for sample 5Ti, whose TiW film contains the lowest
Ti concentration. This confirms that W co-diffuses to the surface
only for sample 5Ti, and given that it is already detected att=0h
of the 673 K holding period, the diffusion likely occurred prior
to Stage 3. The BE position of the W 4d; , peak is at 243.2 eV, in
good agreement with metallic W.I®”] Within the 5 h period, the
concentration of surface accumulated W does not increase in in-
tensity with increasing annealing duration, suggesting that the
accumulation has plateaued and the diffusion has subsided. The
presence of W at the Cu surface may also influence the oxidation
behavior of the accumulated Ti as observed in the previous sec-
tion.

Figure 4c displays the relative accumulation profile of W at the
Cu surface across the measurement window for all three sam-
ples. Due to the poor signal-to-noise ratio (SNR) of the W 4d spec-
tra, it is difficult to have complete confidence in determining the
exact temperature at which W is first observed for sample 5Ti.
However, the signal becomes apparent at 553-563 K, similar to
when Ti was observed at the surface of the same sample. The poor
SNR is also responsible for the large scatter in the accumulation
profile, leading to an area change greater than 100 rel.%. Fitting
the data points with an asymptotic curve shows that a plateau is
reached when crossing from Stage 2 to 3 of the annealing pro-
cess, with the 673 K holding period profile flattening, similar to
what was observed for the Ti profile. The observed plateau indi-
cates that a finite quantity of W is able to migrate from the barrier
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Figure 7. W 4d core level spectra collected during the 673 K holding period
(Stage 3) for samples a) 5Ti, b) 10Ti, and c) 15Ti. Spectra for each core level
are plotted over the same y-axis scale to show the differences in intensity
across the three samples. Note the x10 magnification of the spectra for
sample 5Ti in (a). The spectra have not been normalised, but a constant
linear background has been removed. Additionally, spectra recorded every
other spectral cycle are displayed to aid with the interpretation of the data.
For sample 5Ti (a), the inset shows a X10 magnification of the spectra to
aid with viewing. The legend is the same as that used in Figures 3b and
5b. Here, t = 0 h refers to the start of the 5 h holding period.

and that a steady state is reached within the measurement win-
dow explored.

The diffusion of W is surprising as the vast majority of stud-
ies on TiW only report the out-diffusion of Ti. For example, even
studies on pure W diffusion barriers,!7! or on a TiW barrier
with a relatively low Ti concentration (4.9 at.%) [7? do not report
any mobility of W. However, some studies observe W diffusion
from a W or TiW barrier within thin film stacks at temperatures
below 600°C, although no details are given on a possible reason
as to why this occurs.[37]

Based on the present results, it is hypothesised that the Ti con-
centration of the TiW film dictates the overall stability of the dif-
fusion barrier. If it is too low (i.e., in the 5Ti sample), a small
amount of W becomes mobile and is free to migrate through the
Cu overlayer alongside Ti and accumulate at the surface. This
suggests that Ti plays an active role in stabilising the barrier and
achieving the desired microstructure necessary for good barrier
performance. Therefore, tuning the Ti concentration to an opti-
mum value can significantly improve the barrier performance.

3.2. Elemental Distribution Across the In Situ Annealed TiW/Cu
Bilayer
From the in situ annealing results, it is clear that under the condi-

tions tested, the out-diffusion of Ti from TiW and through the Cu
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metallisation is observed for the two samples with the higher Ti
concentration - 10Ti and 15Ti. Whereas, for the lowest Ti concen-
tration sample (5Ti), both Ti and W diffuse through the copper
metallisation. To quantify the elemental ratio of Cu, Ti, and W
across the metallisation, depth profiling using laboratory-based
SXPS was conducted on the in situ annealed samples (i.e., post-
mortem). Survey spectra collected at each etch cycle for all three
samples can be found in Content XVI (Supporting Information),
showing the change in composition and transition between the
Cu overlayer and TiW sublayer.

The depth profiles for the three samples displayed in Figure 8
highlight the distribution of Ti across the Cu layer and confirm
what was observed in the in situ measurements, in that at the
Cu surface, the quantity of accumulated Ti increases in intensity
as the Ti concentration of the film increases. The profiles fur-
ther confirm that Ti is found throughout the Cu film after an-
nealing. However, its distribution is not uniform, with more Ti
observed at the Cu/air and TiW/Cu interfaces. Despite the strong
out-diffusion, distinct Cu and TiW zones are still observable in
the depth profiles, showing that the TiW/Cu bilayer has not failed
when stressed under these conditions.

Several studies on Cu/Ti bilayer films have identified that a
reaction between the two films can occur as low as 325°C, lead-
ing to the formation of intermetallic CuTi and Cu,Ti compounds
at the interface.”78] As shown in Figure 6c, the shifts observed
for the Ti 1s core line are representative of a changing oxide-to-
metal ratio rather than the formation of an intermetallic com-
pound, whereas the Cu 2p; , spectra displayed in Figure 6d show
no change in the line shape. If an intermetallic compound were
to form, one would expect some systematic change to the spec-
tra with increasing annealing duration and temperature or for
samples with a higher Ti concentration in the TiW film, as these
will cause the greatest surface enrichment of Ti on the Cu. The
possibility of such a reaction is difficult to answer from the core
level spectra alone. The depth profiles can aid with this discus-
sion. At etch cycle O (i.e., as-received surface), the Ti:Cu ratio for
sample 15Ti is 7.5:92.5. Of course, this may be slightly skewed
as the surface is oxidised, and so there may be additional diffu-
sion of Ti across the metal/oxide interface, and a carbon surface
layer is present which may affect the quantification. Nevertheless,
this ratio is insufficient to form stoichiometric CuTi or Cu,Ti in-
termetallic phases that were reported in previous studies on the
Ti/Cu interface.l’®) Therefore, based on this literature, the pre-
sented spectra and the quantified Ti:Cu ratio, a reaction between
Cu and Ti at the developing Cu/Ti interface does not occur due
to the relatively small amount of diffused Ti, which again may ex-
plain why no systematic shifts in the core level spectra commen-
surate with a Cu-Ti reaction were observed. However, it should
be noted that it may not be possible to observe intermetallic com-
pounds as (a) the quantity of diffused Ti is very small, and (b) the
Cu 2p;), core line is known to have small chemical shifts.I””!

In terms of W, the depth profiles shown in Figure 8 confirm
that W is only observed at the Cu surface for sample 5Ti and is
not present at the surface or within the Cu bulk for samples 10Ti
and 15Ti. Figure 8a shows that for sample 5Ti, the W profile is
fairly constant across etch cycles 0-3, suggesting that W is ho-
mogeneously distributed throughout the Cu metallisation and is
not accumulated at the Cu/air interface like Ti. Quantification of
the Cu, Ti and W signals reveals that at the surface of sample

© 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 8. Post-mortem laboratory-based SXPS sputter depth profiles collected across samples a) 5Ti, b) 10Ti, and c) 15Ti after in situ annealing at
beamline 109. Etch Cycle 0 refers to the spectra collected on the as-received sample (i.e., before any sputtering). Horizontal guidelines are added to show
the final Ti at.% for each sample, with the dotted, dashed and solid orange lines referring to samples 5, 10, and 15Ti, respectively.

5Ti (etch cycle 0), the composition is 97.9 (Cu), 0.9 (Ti), and 1.2
(W) rel. at.%, showing that significant W diffusion has occurred.

Figure 8 shows that the Cu signal tends toward 0 rel. at.% for
all samples when the interface is reached. However, Cu is still
detected at the deepest point of the depth profile, with a com-
position at etch cycle 17 calculated to be 0.1 (Cu):99.9 (Ti + W),
0.7 (Cu):99.3 (Ti + W), and 1.4 (Cu):98.6 (Ti + W) rel. at.%, for
samples 5Ti, 10Ti and 15Ti, respectively. Moreover, with increas-
ing Ti concentration, the element profiles broaden, and their gra-
dients toward the “interface” labeled zone reduce. This provides
evidence that there is a degree of intermixing at the TiW/Cu inter-
face, and for films with higher Ti concentrations, a greater inter-
mixing is observed due to the larger rate of atomic flux of Ti across
the interface during annealing. Therefore, the out-diffusion of Ti
from the TiW also promotes the down diffusion of Cu into the
TiW layer, and consequently, the TiW and Cu layers bleed into
each other.

To summarise, the depth profiles show that clear TiW and Cu
zones remain across all samples despite the diffusion and inter-
mixing that occurs during annealing. Although the concentration
of Cu observed at the deepest point of the depth profiles increases
when the concentration of Ti in the TiW increases, it is difficult to
determine how deep the Cu diffuses, as the measurement point
of the last depth profile etch cycle is still within the surface region
of the 300 nm thick TiW film. However, given the low concen-
tration of Cu detected at this point (<1.4 at.%), and the fact that
distinct Cu and TiW zones still remain, one can be confident that
under the conditions tested, the TiW barrier has not failed, and
the majority of Cu is held above the barrier.

4, Conclusion

The thermal stability of the TiW barrier in conjunction with a Cu
metallisation overlayer was evaluated in real-time using a combi-
nation of SXPS and HAXPES, and annealing the sample in situ
to a target temperature of 673 K. The primary mode of degra-
dation was the segregation of Ti from the TiW barrier and its

Adv. Physics Res. 2023, 2300008 2300008 (11 of 13)

diffusion to the copper surface to form a surface overlayer. The
concentration of Ti in TiW was shown to have a significant influ-
ence on the thermal stability of the TiW barrier. Two thresholds
are observed when moving across the TiW composition window
tested here: (i) below a certain concentration of Ti, W gains mo-
bility, suggesting that the incorporation of Ti stabilises W, and
(ii) above a certain concentration of Ti the diffusion drastically
increases, suggesting that at higher concentrations grain bound-
ary segregation of Ti from the TiW grains is favored, resulting
in significantly more out-diffusion of Ti. Moreover, the surface-
accumulated Ti is shown to undergo oxidation, and the extent of
oxidation is linked to the quantity of Ti that has diffused. The Ti 1s
spectra collected for sample 5Ti showed a nearly complete con-
version from metal-to-metal oxide, whereas the spectra of sample
15Ti are Ti metal-dominated. The source of oxidation is assumed
to be residual oxygen within the Cu metallisation and given its
low concentration it is insufficient to oxidise significant quanti-
ties of accumulated Ti. The post-mortem depth profiles validate
the effectiveness of TiW diffusion barriers as despite the degra-
dation observed during annealing, the Ti depletion is not signif-
icant enough to lead to the failure of the barrier, as distinct Cu
and TiW zones are still present. Overall, it is clear that the com-
position heavily dictates the stability of TiW, but under the con-
ditions tested, all three barrier compositions remain effective at
suppressing the permeation of copper. Based on this, the TiW
alloy can cement itself as an excellent diffusion barrier to incor-
porate into future device technologies.
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