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ARTICLE INFO ABSTRACT

Keywords: We report on the barrier performance of a nitride, and three oxynitrides of the system Al-Cr-Nb-Ta-Ti between Cu
Vapor deposition and Si. Different high-entropy sublattice nitrides have been tested before as diffusion barriers in this system, by
Difquifm depositing thin barriers on single crystalline Si substrates, followed by a thick Cu layer on top, and subsequent
gs::;l;s vacuum annealing. We investigated a reversed stacking sequence, by sputtering 15-30 nm of (Al,Cr,Nb,Ta,Ti)-O-

N (between 0.5 and 63.7 at.% O) on polished polycrystalline Cu substrates, followed by 200 nm of Si. The
samples were then vacuum annealed at 600, 700, 800 and 900 °C for 30 min. All four investigated coatings
perform similar. Secondary Ion Mass Spectrometry depth profiling in high-current-bunched mode (lateral res-
olution + 1 pm) shows breakthrough of Si even at 600 °C. But 3D constructed images with Burst Alignment
mode (lateral resolution of +2 nm) reveal that this failure is a highly localized phenomenon, likely related to
coarsening effects at the Cu grain boundaries, leading to punctuation of the diffusion barrier. Aside from this
penetration, the majority of the area of each barrier coating retains its function. This in-depth analysis shows that
the barrier function of the nitride and oxynitride coatings mostly stays intact up to 800 °C and fails completely at

900 °C.

1. Introduction

Modern interconnects in semiconductor devices bring the two ele-
ments Cu and Si into close contact. The diffusion of these elements and
the following formation of intermetallic phases like CusSi with high
specific resistance leads to degradation of the semiconductor device
with time. Therefore, diffusion barriers are applied to separate the ele-
ments. To satisfy the demand of increasing computational power, the
structures in semiconductor devices become ever smaller, driving the
development of improved diffusion barriers [1]. Many different mate-
rials have been investigated as diffusion barriers, among these metals
like Ta [2,3], or ceramics such as nitrides [4-6] or oxides [7]. Ru was
successfully added to some barriers, improving the breakthrough resis-
tance [8,9]. Since diffusion is greatly accelerated at grain boundaries,
and the aforementioned materials have a tendency to crystallize in
columnar structures either during the PVD process or at a later stage,

fast-track diffusion soon defeats the purpose of the barrier. Amorphous
materials do not offer such a diffusion pathway and thus show better
retention performance. High-entropy alloys (HEA) [10,11], consisting of
five or more atoms in equiatomic or near-equiatomic composition,
placed randomly on a crystalline lattice, were quickly recognized as
prime candidates for diffusion barriers due to their strong lattice
distortion. It was also proposed that high-entropy materials are stabi-
lized by their configurational entropy and that diffusion in them is
sluggish [12], but the generality of these statements has been disputed
[13-17]. Nevertheless, the atomic size mismatch retards the recrystal-
lization in HEA (through the known solution drag [18]), so that they
have been applied successfully as diffusion barriers [19-22]. The great
performance of the respective nitrides of such HEA — labeled high-
entropy sublattice nitrides (HESN) to reflect the entropic contributions
correctly [23,24] — have also been demonstrated numerous times
[25-31], owing to their great thermal stability. Another successful
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strategy is the deposition of multilayer barrier structures [32-35].

These previous works focused almost exclusively on different metal
compositions, while the non-metal sublattice in ceramics has received
only little attention in the form of N vacancies. It has been shown in Al-
Ti-N that O incorporation improves the thermal stability and reduces the
self-diffusion [36], thus alloying of the non-metal sublattice is promising
for diffusion applications. Here, we compare the performance of diffu-
sion barriers with identical metal-sublattice occupations, but varying
non-metal lattices in the system (Al,Cr,Nb,Ta,Ti)-O-N. This material has
been shown to form a stable single-phase face-centered-cubic solid so-
lution as nitride [37], and also a single-phase solid solution in rutile-
structure as oxide [38]. This system is therefore a promising candidate
for mixed non-metal sublattices.

The previous studies on diffusion barriers in Cu-Si interconnects have
all been conducted on single-crystalline Si substrates, by depositing the
thin diffusion barrier on top, followed by a several hundred nanometer
thick Cu layer. Sputtering Cu is problematic, because the Cu vapors
contaminate the vacuum pumps, and pose a health risk, leading to
exceedingly expensive maintenance procedures. Additionally, growing
amorphous films on Si (with the native oxide at the surface) — especially
at low temperatures and only few nm thick — is straight forward. This is
even valid for materials that easily crystallize such as TiN [27]. How-
ever, growing the same films on metallic substrates such as Cu easily
causes their crystallization. Thus, if the films are amorphous when
grown on Cu, this proves their ability for amorphization. We therefore
explored the feasibility of a reverse stacking sequence to study diffusion
phenomena in this model system, using Cu as substrate, and depositing
Si on top of the barrier. While this method does not reflect the common
procedures in semiconductor production, it is suitable to study the un-
derlying diffusion phenomena. We thus avoid the problem of sputtering
Cu and simultaneously assess the capability of amorphous growth of the
barriers on a metallic substrate. We then monitored the diffusion of Si in
the Cu with Secondary Ion Mass Spectrometry (SIMS).

2. Methods
2.1. Deposition

Depositions were performed in an AJA International Orion 5
magnetron sputtering system using a powdermetallurgically prepared
equimolar 3" AICrNbTaTi and a 2" Si target (both from Plansee Com-
posite Materials GmbH) in a con-focal arrangement. The substrates,
(100) oriented Si single crystals, polycrystalline austenitic steel, and
polycrystalline Cu, cut and polished from used vacuum sealing rings,
were ultrasonically cleaned in acetone and ethanol for 5 min each, and
placed in the deposition chamber via a load-lock.

After waiting for a base pressure of < 3 x 10™* Pa, the substrates
were cleaned by Ar plasma etching for 60 min by applying a negative
bias potential of — 900 V to the substrates at an Ar pressure of 6 Pa.
During the last 5 min of the plasma etching, the targets were cleaned by
sputtering behind the closed shutter. In the last minute before opening
the shutter, the gas composition was adjusted to the respective Ar/Ny/
O, mixtures at a total pressure of 0.4 Pa. The substrates were mounted
110 mm above the targets. The (ALCr,Nb,Ta,Ti) N/ON layer was
deposited by supplying 150 W to the cathode in DC mode, a substrate
bias of — 100 V ensured a compact layer. The four different barriers
were realized by sputtering in gas ratios of Ny/synthetic air/Ar of 4.5/0/
5.5, 4.0/0.5/5.5, 3.5/1.0/5.5, and 0/4.5/5.5, respectively, for 42.5, 36,
44.5, and 97.8 s, respectively, to deposit roughly 10 nm thin layers. The
nitride and oxynitride layers were then covered by 200 nm Si by sup-
plying 100 W to the Si cathode in 10 sccm Ar flow at the same pressure
for 45 min without bias. This ensured a stacking sequence of Cu/HESN/
Si without contamination at the interface. The required deposition times
were determined by preliminary testing of the parameters. Synthetic air
was used instead of Oz to reach lower flow rate ratios f = fo,/(fo, +
fx,). The samples were not heated during deposition.
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2.2. Analysis

Depth profiles of the chemical composition were determined on the
~1 pm thick reference coatings on Si by time-of-flight elastic recoil
detection analysis (ToF-ERDA) with a recoil detection angle of 45° using
a beam of 36 MeV I ions. For the experimental details, data analysis,
and potential systematic uncertainties see [39-42]. Deposited Cu/
HESN/Si stacks were vacuum annealed in a vacuum below 3-10~® mbar
for 30 min in a Centorr LF22-2000 vacuum furnace at T, = 600,700,800,
and 900 °C. The heating rate was 20 K/min, passive cooling (at least 50
K/min down to 200 °C) was used to cool down. Structure investigations
were performed with X-ray-diffraction (XRD) using a PANanlytical
XPert Pro MPD (6 —6 diffractometer) in Bragg-Brentano geometry
equipped with a Cu-Ka source (4 = 0.15408 nm, 45 kV and 40 mA).
Transmission electron microscopy (TEM) was performed with a FEI
TECNAI F20, equipped with a FEG, operated at 200 kV, on as-deposited
and annealed samples. The sheet resistance of the ~1 pm thick coatings
on Si was measured with the four-point probe method, in which a
constant current is injected through the two outer probes and the po-
tential is measured between the two inner probes. Depending on the
resistivity of the material, the injected current is chosen automatically
from 10 mA to 10 nA by the system to obtain an optimal measurement.
The acceptance threshold between forward and backward measurement
was 5%.

The spatial distribution of Si before and after annealing was analyzed
by Time-of-Flight Secondary Ion Mass Spectrometry (SIMS), using a
TOF-SIMS 5 instrument (IONTOF GmbH, Miinster, Germany). Depth
profiles were acquired in high vacuum (~4 x 10~ °mbar) using a pulsed
25 keV Bi' primary ion beam for analysis, and a 2 keV Cs source as
sputter gun. The measurements were performed in interlaced mode,
generating spectra with the Bi gun in 0.7 ns long time windows, followed
by 100 ps spectrum acquisition time, during which the sputter gun
removed roughly one monolayer of material. Two different measure-
ment modes were used. High current bunched mode (HCBU) was used
for measurements which require a high mass resolution or low limit of
detection. For imaging and 3D modeling, the burst alignment (BA) mode
was used [43-46]. In HCBU mode, the analysis area was set to 100 x
100 pm? with a resolution of 128 x 128 px? with 1 shot/pixel. The
measurement was stopped after 1800 s. For imaging in BA mode, the
interlaced mode was used as well (the signal intensity is ~ 6 times
smaller than in spectrometry), with an analysis area of 100 x 100 pm? at
a resolution of 256 x 256 px. The sputter crater (using Cs ions) was
always 300 x 300 pm>. Low energy electron flooding of 21 V was used to
reduce surface charging.

To acquire the actual sputter depth, a stylus profilometer Dektak XT
(Bruker Corporation, Billerica, MA, USA) was used. Several line scans
were performed through the center of the crater and the average depth
in the middle of the crater was calculated. This information was then
used with the SurfaceLab 7 software (IONTOF GmbH, Miinster, Ger-
many) to calibrate the z-axis of the measurement. Furthermore, in
SurfaceLab 7 the three dimensional elemental distribution cubes were
calculated and exported to Origin9 software.

3. Results and discussion
3.1. Barrier chemistry and morphology

The chemical composition was evaluated on separately deposited
~1 pm thick samples by ToF-ERDA, the respective depth profiles of the
four compositions are shown in Fig. 1a), the changes in composition
with different flow rate ratios f is shown in Fig. 1e) and and listed in
Table 1. The compositions were obtained from the average compositions
in the regions of quantification, shown in Fig. 1. These regions were
chosen to exclude influence from the surface due to air exposition, and
multiple scattering at greater depths that affect the analysis (see [42] for
more details). These measured bulk-like compositions may deviate from
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Fig. 1. ERDA depth profiles of the nitride and oxynitrides, deposited with flow rate ratios fo, / (fo, +fn,) = 0.000 a), 0.022 b), 0.044 c), and 0.200 d), measured on
~1 pm thick coatings, deposited separately on Si. The depth from 1000 to 2000 x 10'° at/cm?, highlighted in gray, was used for quantification. The dependence of
composition on the the gas flow rates is depicted in e) with statistical uncertainties shown as error bars.

Table 1

Chemical Analysis in at.% by ToF-ERDA. Samples are identified by the flow rate ratio f = fo,/(fo, +fn,) Statistical uncertainties are given as standard errors.
Configurational entropies are calculated with the sublattice model [13] and given for the metal sublattice, M, non-metal sublattice (counting O and N), NM, and their

combination X.

Chemical composition in at.% Sconf/R
f Al Cr Nb Ta Ti N (¢] Ar H C M NM z
0.000 8.1+0.3 11.4 + 0.3 7.4+ 0.2 7.3+0.2 10.8 + 0.5 53.4 + 0.5 0.5+ 0.1 0.9 +0.1 0.1 +£0.0 1.59 0.05 0.75
0.022 8.6 + 0.4 10.7 +£ 0.3 6.3 +0.2 5.5+0.1 9.3 +0.3 48.5 + 0.5 9.4 +0.3 1.7 £ 0.2 0.1 £0.0 1.58 0.44 0.91
0.044 8.8 +£0.3 9.6 £ 0.3 6.5+ 0.2 5.8+0.2 8.6 +0.3 41.8 £ 0.4 17.0 £ 0.6 1.7 £ 0.2 0.1 +0.0 1.59 0.60 1.00
0.200 6.1 + 0.4 5.0 + 0.3 5.6 + 0.2 5.9+ 0.2 5.3+ 0.3 5.6+ 0.3 63.8 +£0.7 1.7 £ 0.1 0.6 +0.1 0.4 +0.1 1.61 0.28 0.66

the compositions at the interface, but the analysis of thicker coatings
was motivated by the long transport from the sputtering chamber to the
particle accelerator. In the nitride, the Cr and Ti contents are around 11
at.%, while the Nb and Ta contents are lower around 7.4 at.% and the Al
content is 8.1 + 0.3 at.%. The N content is slightly overstoichiometric
with 53.4 + 0.5 at.%, in addition, O, Ar, and H impurities below 1 at.%
each were found. These values are consistent with the investigations in
[37] and the concentrations add up to a HESN with roughly 1:1 stoi-
chiometry as one would expect of a typical transition metal nitride. With
the addition of Oy to the sputter gas, the relative abundance of the
metals changes, the share of Cr and Ti on the metal sublattice decreases
from 25 and 24%, in the nitride, to 18 and 19%, respectively, at the
highest O-content. The shares of Al, Nb, and Ta increase from 18, 17, and
16% to 22, 20, and 21%, respectively, with rising O-content. The oxidic
coating was also the only one with a detectable amount of C. Since only
the sputter gas was changed between the depositions, whereas the target
was powdermetallurgically prepared, the relative changes in chemistry
stem from different poisoning behavior of the individual target sub-
grains in the Ar/N, atmosphere, or the Ar/Ny/O2 atmosphere. Oxides
have a higher binding energy, resulting in stronger poisoning effects and
reduced sputter rates. Thus, Cr and Ti could either show stronger
poisoning by oxygen, or less poisoning by the N-atmosphere compared

to the other metals (both AIN and Al;O3 are insulating, while the tran-
sition metal nitrides generally possess metallic character).

With addition of O, the stoichiometry of the coating changes grad-
ually. The nitride at 53.9 at.% (N + O) content resembles a nitride with
slightly overstoichiometric 1:1 metal:non-metal ratio. With increasing O
content, the amount of nonmetal content rises up to 69.4 at.%. Since at a
high O content, the sample contains only 5.6 at.% N, the coating re-
sembles a slightly overstoichiometric MOy compound, which agrees
with sputtered coatings of this system in oxygen atmosphere [38]. The
four different compositions will be differentiated throughout this article
as (Al,CI‘,Nb,Ta,Ti)O'45N0'55, (Al,CI‘,Nb,Ta,Ti)o.4oNo.4900~10, (Al,Cr,Nb,
Ta,Ti)0,39N0,4200,17, and (Al,CI‘,Nb,Ta,Ti)0.28N0.0600,64. The conﬁgura-
tional entropy of the metal sublattice — ignoring the minuscule amounts
of Ar, H, and C - is between 1.58 and 1.61-R in all coatings, therefore
fulfilling the definition of a high-entropy sublattice ceramic. The overall
configurational entropy, across both sublattices, can be calculated ac-
cording to the sublattice model [13]

ASeny = =R ( S Z*’W> > &)
j=1 =1 j=1

where x/ is the concentration of the ith element on the jth sublattice, @ is
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the number of sites on the jth sublattice (e.g. for TiOzaTizl and a0:2),
and n is the number of element species i at the sublattice. Based on this
approximation, the overall configurational entropy increases in the fcc
structured oxynitrides (see the XRD analysis below) from 0.75 to 1.00-R,
in the coating with the highest oxygen content it decreases to 0.66-R (see
Table 1). The sheet resistance of the coatings could only be evaluated
qualitatively, because the Si substrate conducts a significant fraction of
the current. Despite this, a clear trend is evident with sheet resistances
increasing from 5 to 62, and 201 Q/sq with increasing O content, while
the sample with the highest O-content was out of the measurement
range of the instrument. Therefore, even small amounts of O in the
barrier are detrimental for the electrical conductivity in interconnects.

The stacking sequence on Cu is clearly visible in TEM, see Fig. 2 a)-b)
and c)-d) for bright-field and high-resolution micrographs of as depos-
ited (Al,Cr,Nb,Ta,Ti)0,45N0,55 and (Al,CI',Nb,Ta,Ti)0,23N0,0600.54,
respectively. For both coatings, we see a high surface quality of the
polished Cu substrate, followed by the barrier layer, which is 15 nm
thick in the case of the nitride, and 30 nm thick for the oxidic coating,
while the Si is ~200 nm thick. Based on the sputter parameters we can
expect similar thicknesses around 15 nm for the other two coatings. This
is slightly more than our aim of 10 nm, but still within a reasonable
range for diffusion studies. The deposition rates were calibrated by
measuring the thicknesses of coatings deposited for 30 min. The
discrepancy between actual and calibrated film thickness, excluding Si,
hints at a stabilization to a steady-state during the first minute of
deposition, resulting in deviating deposition rates. The high-resolution
images in Fig. 2 b) and d) show the clear transition between the layers
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without significant contamination at the interfaces, also confirmed by
EDS-linescans. Fast Fourier transformations (FFT) of regions inside the
Cu, the barriers, and the Si, shown in the insets of Fig. 2 b) and d), reveal
crystalline features inside the Cu substrate, seen by the distinct spots,
while the diffusion barriers and the Si are amorphous, as seen by the
diffuse rings in their FFT. This setup promises good resistance against
diffusion, since grain boundaries in the barrier would lead to much
faster grain-boundary diffusion.

In Fig. 3 a) XRD scans of the ~1 pm thick coatings on austenitic steel
substrates are shown with increasing O content from bottom to top. The
coatings with up to 17.0 at.% O show crystalline fcc peaks with a lattice
parameter similar to TiN. Since austenitic steel and Cu have the same
crystal structure and very similar lattice parameters of 3.5922 A (PDF
number 00-047-1405) and 6.6022 A (PDF number 04-009-2090),
respectively, we can expect them to behave very similar as substrates.
Thus, the coatings on the steel substrate have crystallized due to the
higher coating thickness, while the few nanometer thin films on the
structurally similar Cu substrate remain amorphous. The coating with
the highest O content is XRD amorphous, signified by the broad feature
around 27°, showing that the crystallization of the predominantly oxidic
coating requires higher deposition temperatures compared to the nitride
(no heating was used). Contrary to the thicker coatings, the N-rich
coatings are amorphous when prepared as thin barriers, as confirmed by
TEM. Since TEM has shown that the barrier layers are amorphous both at
the highest and lowest oxygen concentration, we can expect the other
two barrier compositions to also form amorphous structures in the thin
layer, as confirmed by XRD.

Fig. 2. TEM micrographs with high-resolution inset of the as deposited diffusion stacks with (Al,Cr,Nb,Ta,Ti)o.45No.s5 a)-b) and (Al,Cr,Nb,Ta,Ti) 28No.0600.64 ¢)-d) as
diffusion barrier (the metals abbreviated as (M),). The fast Fourier transformations in the insets in b) and d) of regions in the Cu, the diffusion barrier, and the Si from
left to right show that the Cu substrate is crystalline, while the other layers are amorphous.
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XRD scans of the diffusion stacks before and after annealing show
significant grain growth in the Cu substrate during heat treatment, see
Fig. 3 b). The Si and diffusion barriers (here (Al,Cr,Nb,Ta,Ti)g.45No.55),
initially amorphous as shown by TEM in Fig. 2, remain invisible after
annealing. This could be either due to a still amorphous structure, or due
to a too small domain size, but the Cu signal is insightful. In as deposited
state, both the (111) and (200) reflex appear as single relatively broad
peaks. Only the (200) reflex shows a hint of Ka;-Kaz separation. After
the annealing treatments, the Cu reflexes are distinctly sharper, leading
to clearly separated Ka; and Kay diffraction signals. The full width half
maxima (FWHM) of the Cu (200) reflexes, shown in Fig. 3 c), signify the
grain growth in the substrate (the annealing temperatures are all > Tp,
cu/2). In addition, the formation of silicides such as CusSi is visible after
annealing to 600 °C, but not after the higher temperatures. This can be
explained with the limited Si reservoir and the faster diffusion of Si in Cu
at higher temperatures. At higher temperatures the Si is therefore more

finely dispersed in the substrate, as will be shown by the SIMS analysis,
leading to the formation of smaller domain sizes of eventually crystal-
lizing silicides, which thus become invisible to X-rays.

3.2. Diffusion experiments

Recorded SIMS depth-profiles in HCBU mode of the diffusion stack
with the nitride barrier in as deposited state and after annealing to
600 °C for 30 min are shown in Fig. 4 a) and b), respectively. Depth
profiles of all other samples and temperatures are redundant for the
discussion and are therefore shown in the Supplementary material. The
total crater depth for 1800 s of sputtering was determined as roughly
2000 nm in all samples. Since the sputter rate differs strongly between
matrices and the thickness of the Si layer is clearly influenced by
annealing, the thickness of each individual layer can only be estimated
by this method. Measurements of the initial Si layer thickness agree with

100000 T T x T T T T T T T 3
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the TEM investigation. Since a qualitative treatment is sufficient for our
discussion, we therefore only show the sputter time. In as deposited
state, the sequence of the ~200 nm thick Si layer (blue line), the diffu-
sion barrier (signified by the peaking metal signals), and the Cu sub-
strate (black line) is clearly visible. This changes drastically even after
annealing to the lowest chosen temperature of 600 °C. The outwards Si
layer is missing except for a small peak right at the diffusion barrier,
while the Si profile in the Cu increases markedly, showing inward
diffusion despite the diffusion barrier. This finding correlates to the
formation of Cu-silicides, as shown in Fig. 3 b). There, inward diffusion
can be seen in all tested samples at all annealing temperatures, without
measurable intermetallic phases. At the same time the peaks of the
diffusion barrier broaden slightly. Due to the non-quantitative nature of
SIMS signals and the matrix effects of a changing chemical environment
this broadening is not significant.

The seeming failure of the coating can be explained with the massive
grain coarsening of the substrate, shown in Fig. 3 b), which causes
localized ruptures of the thin diffusion barrier, leading to rapid inward
diffusion of Si. This is demonstrated in Bright-field TEM recordings of
the (ALCr,Nb,Ta,Ti) 45N 55 barrier after annealing at 600 Fig. 5 and
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900 °C Fig. 5b). The surface of the Cu substrate is visibly warped, and
shows voids, which are a sign of Cu out-diffusion (confirmed by Scan-
ning TEM-EDS), but may also have formed during TEM sample prepa-
ration. Outside the barrier, the continuous Si layer has vanished into
scattered deposits, caused by local disruption of the barrier function.
STEM-EDS linescans show that the barrier is still in place, exemplified by
the Ti signal (other signals are omitted for better visibility). The Si signal
seems to peak within the barrier, but this is a measurement artifact,
stemming from the presence of Ta within the barrier, which has a sig-
nificant overlap with Si in the energy dispersive X-ray spectrum. Due to
the much higher fluorescence yield of Ta, and the inability to separate
the two elements properly, the Si concentration therefore spikes in the
barrier region. Within the Cu matrix, the Si content is too small to be
evaluated, STEM-EDS is therefore not a suitable tool to track the
movement of Si here. After annealing at 900 °C Fig. 5b), no Si can be
found outside the Cu substrate, but the barrier elements are still in place.
The seeming increase of Cu in the outer W layer — used as protection for
TEM sample preparation by Focused Ion Beam (FIB) — is another mea-
surement artifact, caused by the strong electron scattering within the
heavy W (visible as the dark contrast in the bright-field image). This

Fig. 5. Bright-field TEM recordings of diffusion stacks
with (ALCr,Nb,Ta,Ti) 45No 55 after annealing at 600
a) and 900 °C. a) EDS linescans across the interface
show that the barrier is still in place (shown by the Ti
signal), but Si deposits are only found in scattered
places, mingled by Cu. Since the EDS signals of Si and
Ta overlap significantly, with Ta possessing a much
higher fluorescence yield, the peaking Si content
within the barrier is a measurement artifact and not a
sign of actual Si in the barrier. The other EDS signals
are not displayed for better visibility. A W layer was
added on top of the samples as protection layer during
the sample preparation with FIB. b) After annealing at
900 °C, no sign of Si is found outside the Cu substrate.
The rising Cu content in the outer W layer is a mea-
surement artifact stemming from radiation scattering
in the heavy W, causing fluorescence of the Cu ring
that was used to mount the TEM sample.

Distance (nm)
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causes scattered electrons to excite Cu from the ring used to mount the
TEM sample.

To separate the performance of the diffusion barrier from this grain
growth effect, we recorded the Si positions with lateral resolution,
leading to a three-dimensional distribution analysis of the Si. These
distributions are shown for all four diffusion barriers and all annealing
treatments in Fig. 6. Each light green dot represents one Si count, lo-
cations with more than one Si counts are colored in dark green instead.
The first five layers are not displayed as surface effects interfere — a
common SIMS artifact. The bottom x-y plane in every plot shows via
colormap and the associated color bar to its right the average depth of all
recorded Si counts for every (x,y) position.

In as deposited state, all samples give a similar picture. The Si is well
confined in a ~100 atomic layers thick film. The colormaps show an
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even depth distribution with the average depth at ~50 layers every-
where. Two exceptions are visible in the (Al,Cr,Nb,Ta,Ti)o.39N0.4200.17
and (Al,Cr,Nb,Ta,Ti)y.28No.0600.64, Where local breakthroughs can be
seen. Those manifest in columns of Si with average depth distributions of
up to 72 and 135 layers, respectively. As those samples have not un-
dergone heat treatments, those breakthroughs must stem from the
deposition process. It is possible that imperfections on the polished
substrate surface have caused the deposited barrier to form clefts
through which the subsequent deposited Si could penetrate into the base
material. These defects are rare enough not to disturb the analysis.
After annealing, local breakthrough of Si is evident at all tempera-
tures and through all barrier compositions, like in the unresolved depth
profiles in Fig. 4 and in the Supplementary material. The samples
annealed at 600 °C stand out, since the Si diffusion seems to have
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Fig. 6. 3D distribution of Si in the four different Cu/barrier/Si-stack samples in as deposited state (a.d.), and after annealing at 600, 700, 800, and 900 °C for 30 min,
measured by SIMS in high-current-bunched (HCBU) mode. The measured area is 100 x 100 um?. Higher Si counts are shown in darker color. The first five layers were
removed from this display in all samples. The colormap at the bottom of the x-y plane with the respective color scale to its right shows the average depth of recorded

Si counts at every x-y-coordinate.



A. Kretschmer et al.

progressed further than in the samples annealed at 700 and 800 °C. The
reason for this behavior could be the formation of Cu-silicides (see
Fig. 3). Those are not present after annealing at higher temperatures.
These silicides could aide rupturing the diffusion barrier, giving the
impression of a faster diffusion process. Despite these local penetrations
of the diffusion barrier, large regions of the investigated areas still hold
the Si back. This is unmistakably shown by the depth distribution col-
ormaps, as well as the fact that a Si reservoir remains at the top of the
sample, substantiated by the higher Si counts in dark green (note again
that the first five layers are omitted from display). This changes after
annealing at 900 °C, where it becomes clear that the barrier function is
lost. This becomes apparent by comparison of the depth distribution

0.45N0.55

(Al,Cr,Nb, Ta, Ti)

600 °C
Y -

134

201

depth (layere)

269

700 °C

336

800 °C
%A depth (layere)
versge i Em

900 °C
'‘Average depth (la )

y
§
f

Materials Characterization 197 (2023) 112676

scale bars at lower annealing temperatures. Both, the lower and upper
limit of the average depth of Si counts, increase massively from 800 to
900 °C annealing temperature.

The columnar shape of inwards diffusing Si pockets show that
diffusion happens mostly perpendicular to the surface, and relatively
little parallel to it, leading to the presumption of grain boundary diffu-
sion. To capture this phenomenon in depth, we recorded the three-
dimensional Si distributions of annealed samples with (ALCr,Nb,Ta,
Ti)o.45No.55 and (Al,Cr,Nb,Ta,Ti)g 28No.0600.64 diffusion barriers in BA
mode at a higher spatial resolution. The distributions can be seen in
Fig. 7 with the same colormap in the bottom x-y-plane as in Fig. 6. Due to
the superior lateral resolution in BA mode, not every set of (x,y)
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Fig. 7. 3D distribution of Si in the two Cu/barrier/Si-stack samples with the lowest and highest oxygen concentration after annealing at 600, 700, 800, and 900 °C
for 30 min, measured by SIMS in burst alignment (BA) mode. The measured area is 100 x 100 pm?. The first five layers were removed from this display in all samples.
The colormap at the bottom of the x-y plane with the respective color scale to its right shows the average depth of recorded Si counts at every x-y-coordinate.
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coordinates has an associated Si signal, leading to white regions in the
colormap. In comparison to the HCBU mode measurements, the
columnar structure of diffusing Si channels is obvious. After the 600 °C
annealing treatment, some very broad Si distributions can be seen,
several dozen pm in diameter. They are not visible after the other
annealing treatments. Endorsed by XRD analysis, we determined that
this phenomenon is due to the formation of Cu-silicides, which are not
present at the higher temperatures. The formation of these intermetallic
phases damages the barrier further, leading to more Si in-diffusion. At
700 and 800 °C, diffusion is essentially only present in localized chan-
nels. Due to the very high sensitivity of SIMS, a very dispersed cloud of Si
is apparent throughout the substrate. This Si is most likely distributed
laterally from the channels and therefore not a sign for barrier failure in
general. After annealing to 900 °C, breakthrough in many locations is
evident, signifying the loss of the barrier function. In all samples, the (Al,
Cr,Nb,Ta,Ti)o.28No.0600.64 seems to hold the Si back better than the (Al,
Cr,Nb,Ta,Ti)g.45Ng 55, but this can be rationalized from the doubled
thickness of the first barrier compared to the latter. Qualitatively, all
four tested barriers show a comparable performance.

As the average measurement depth is around 2 pm, the diffusion
channels can also be visualized more clearly via cross-sections. Fig. 8
shows these cross-sections from the BA mode measurements from Fig. 7
at four different layers: 5, 50, 100, and 150. Measurements with the (Al
Cr,Nb,Ta,Ti)g 45Ng 55 barrier are shown in Fig. 8 a), while measurements
with the (Al,Cr,Nb,Ta,Ti) 28No.0600.64 barrier are shown in Fig. 8 b). To
increase the number of visible counts and for a clearer picture, every
shown layer was aggregated with the two adjacent layers above and
beneath, e.g. “layer 5” contains all Si signals from layers 4-6. Local Si
counts > 1 are displayed in darker color. After annealing at 600 °C, large
clusters of Si penetrated down to layer 150 and beyond. The coincidence
of Si signals is especially apparent in these clusters as seen from the
darker color. These Cu-silicide grains are therefore large enough to
warrant XRD signals. After annealing to 700 and 800 °C, large Si con-
centrations are only apparent in the surface-near layer number 5,
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representing the Si reservoir. Beneath, only very small clusters run
through the substrate. Especially after annealing at 900 °C, a broad
movement of Si into the Cu is apparent.

The unevenness of the surface, as well as the formation of the Cu-Si
grains at the surface, as shown in Fig. 5a), can distort the depth infor-
mation in our 3D reconstructions. To account for possible distortions in
our reconstructions, we display the depth in layers and not in size like
the x and y directions. While reducing the fidelity of the reconstruction,
these distortions do not change the conclusions of our analysis. Our
measurement depth well exceeds the size of the largest of these Cu-Si
grains. Therefore, we always measure a significant depth into the Cu
substrate. At the temperatures below 900 °C, we can see that the Si
intrusion is only local, and stops before the maximum measurement
depth. Only at 900 °C a complete barrier failure can be observed.

4. Conclusion

Several other HESN barriers have been reported so far that maintain
their barrier function at temperatures up to 800 °C, and fail at 900 °C.
The here investigated Al-Cr-Nb-Ta-Ti system enqueues itself in this list.

For the first time in such diffusion studies, we introduced chemical
disorder not only on the metal-, but also on the non-metal-sublattice,
resulting in 15-30 nm thin barriers with compositions between (AlLCr,
Nb,Ta,Ti)o.45No.s5 and (AlCr,Nb,Ta,Ti)g28Ng.0600.64. The respective
oxynitride and oxide phases demonstrate comparable diffusion retar-
dation to the nitride, but cause a steep increase in resistivity. Structur-
ally, all the films are amorphous as thin films (15-30 nm).
Diffractograms of 1 pm thick coatings show that up to 17.0 at.% O can be
incorporated in the fcc lattice. Increasing peak widths in as deposited
form hint at rising micro-stresses with increasing oxygen content,
culminating in a fully amorphous coating with 63.8 at.% O. The appli-
cation of other non-metals, like B or C, could offer additional design
possibilities for future diffusion barrier materials, without the detriment
to conductivity.
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Fig. 8. Cross-sectional view of the the layers 5, 50, 100, and 150, each aggregated with the adjacent layers above and below, of the Si distributions of the samples
with (Al,Cr,Nb,Ta,Ti)g 45No. 55 @) and (Al,Cr,Nb,Ta,Ti)g 28No.0600.64 b) as diffusion barriers (shown in Fig. 7 for the whole volume) after annealing at 600, 700, 800,

and 900 °C for 30 min. Higher Si counts are shown in darker color.
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