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Diffusion Barrier
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Wilhelmus (Erwin) M. M. Kessels, Ageeth A. Bol, and Adriaan J. M. Mackus*

Miniaturization in integrated circuits requires that the Cu diffusion barriers
located in interconnects between the Cu metal line and the dielectric mate-
rial should scale down. Replacing the conventional TaN with a 2D transition
metal dichalcogenide barrier potentially offers the opportunity to scale to

1-2 nm thick barriers. In this article, it is demonstrated that MoS, synthesized
by atomic layer deposition (ALD) can be employed as a Cu diffusion barrier.
ALD offers a controlled growth process at back-end-of-line (BEOL) compatible
temperatures. MoS, films of different thicknesses (i.e., 2.2, 4.3, and 6.5 nm)
are tested by time-dependent dielectric breakdown (TDDB) measurements,
demonstrating that ALD-grown MoS; can enhance dielectric lifetime by

a factor up to 17 at an electric field of 7 MV cm™. Extrapolation to lower
E-fields shows that the MoS; barriers prepared by ALD have at least an

order of magnitude higher median-time-to-failure during device operation at
0.5 MV cm™' compared with MoS, barriers prepared by other methods. By
scaling the thickness further down in future work, the ALD MoS; films can be

1. Introduction

For many years, there is a trend in min-
iaturization of electronics with transistors
becoming smaller and faster. The inter-
connect structure linking the transistors,
schematically shown in Figure 1A, has to
be reduced in size as well.ll Therefore,
metal lines, consisting of Cu and a liner/
diffusion barrier, are required to shrink.
By scaling the barrier, there will be a
relatively larger volume available for the
Cu such that the resistivity remains low.
However, thin barriers fail as illustrated
in Figure 1C. The conventional barrier
material TaNI>- can be scaled down to a
thickness of only 3 nm until it starts to
fail.”=%l Therefore, there is an interest in
new barrier materials, such as two-dimen-

applied as ultrathin Cu diffusion barriers.
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sional (2D) materials that could potentially
work as diffusion barrier at smaller thick-

nesses®™! (Figure 1C).
2D materials, such as graphene and h-BN, have strong cova-
lent bonds in the in-plane direction and weak van der Waals
bonds between the planes. 2D transition metal dichalcoge-
nides (2D-TMDs) are a class of 2D materials with the chem-
ical formula of MX,, with M a transition metal atom and X a
chalcogen atom, forming an atomically thin layer.""! Various
2D materials, such as graphene, h-BN, (Nb-doped) MoS,, and
TaS,, have been investigated experimentally for Cu blocking,
and these materials can work as a diffusion barrier down to
only a (few) monolayer(s) in thickness.'™] The main hypoth-
esis in those studies is that the Cu diffusion in a 2D material
takes place from grain boundary to grain boundary, adding
lateral diffusion in between adjacent 2D layers to the total dif-
fusion path, as schematically shown in Figure 1B. Consistent
with this mechanism, graphene barriers of two and three
layers exhibit an improvement in median-time-to-failure of
a factor two and three at the device-operating electric field of
0.5 MV cm™, respectively, compared with single-layer gra-
phene.™ Structures with a chemical vapor deposition (CVD)
grown MoS, barrier compared with barrierless structures
display an improvement of three orders of magnitude at
0.5 MV cm 112l The longest time-to-breakdown of >1.25 x 10*
s at 7 MV cm™ has been reported for 2.8 nm MoS, doped with
3% NDb.["I In those previous studies, the diffusion barrier layers
have been manufactured either by a transfer process,1°2 by

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. A) Schematic illustration of an interconnect structure with metal lines and a via. B) Cu diffusion mechanism path through a 2D barrier pro-
posed by Li et al.," indicated by the red arrows, via grain boundaries, with additional lateral diffusion. The 2D barrier consists of multiple single sheet
grains where consecutive 2D layers do not have joint grain boundaries. C) Effect of interconnect scaling on the Cu volume in the metal line/via with a
scaled or constant barrier thickness. Cu diffusion takes place if the barrier is too thin. Replacing the barrier by a thin 2D film could result in sufficient

Cu blocking and limited reduction of the Cu volume.

direct deposition using CVDI2™ or by plasma sulfurization of
the corresponding metal.’> Transfer processes are not scalable
and high temperature (T > 500 °C) processes, such as CVD, are
not back-end-of-line (BEOL) compatible.

Another method for the synthesis of 2D-TMDs is atomic
layer deposition (ALD).!® In an ALD cycle, the precursor pro-
vides the transition metal atom, and subsequently the coreac-
tant (e.g., H,S gas or plasma) sulfurizes the adsorbed transi-
tion metal precursor. This happens by self-limiting reactions of
the precursor molecules and coreactant species with the avail-
able surface chemical groups.!'”! The morphology and proper-
ties of the 2D film can be tuned for the desired application by
adjusting the process conditions, such as the temperature and
pressure.?>24 2D-TMD films grown by ALD are not necessarily
similar to 2D-TMD films grown by other methods, e.g., the
grain size and uniformity can differ.’¥ ALD has several benefits
for 2D-TMD synthesis, i.e., it offers: (i) processes at BEOL-com-
patible temperatures; (ii) conformal growth as a result of the
self-limiting half-reactions, as is required for demanding 3D
structures; (iii) optimal thickness control; and (iv) control over
the film morphology. These merits make ALD an interesting
alternative to the transfer and CVD processes, especially for
barrier synthesis.

In this work, ALD was used to deposit MoS; as diffusion
barrier for interconnect technology at 450 °C. The MoS, films
serve as a demonstrator for ALD 2D-TMD-based Cu diffusion
barriers and are tested on planar capacitor structures, following
the example of other demonstrator studies. Using extensive
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time-dependent dielectric breakdown (TDDB) measurements,
we show that ALD MoS, films efficiently block Cu diffusion
for different barrier thicknesses and electric fields. It is shown
that the ALD-grown MoS, films have great potential as bar-
rier layers in device applications as they meet the “10 years”
industry standard at F< 0.5 MV cm™.

2. Results and Discussions

MoS, deposited by ALD consists of small, =10 nm, crystal-
line grains,**2>2%] visible in the top-view high-angle annular
dark field scanning transmission electron microscopy
(HAADF STEM) images of Figure 2A-E. The thickness of
each film was measured by atomic force microscopy, see the
Supporting Information. The Raman spectra confirming the
crystallinity and the semiconducting 2H phase of MoS, (resis-
tivity =10° uQ cm) can be found in the Supporting Information
as well. The growth of ALD MoS, initially starts with horizontal
layers on the substrate and predominantly occurs at the reactive
edges of grains.?% Vertical structures (fins) can form when two
laterally growing grains encounter each other.?3! Such vertical
fins are visible in the STEM images in Figure 2A-E as white
lines representing vertical sheets of MoS,. The films are rela-
tively rough due to the presence of fins. The 6.5-nm thick MoS,
films have, on average, more fins than the 4.3-nm MoS, thick
films as further quantified in the Supporting Information. The
fins likely affect the diffusion path of Cu through the MoS,

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. HAADF top-view STEM images at: A-C) 2.5 million times magnification and D,E) 5 million times magnification of different thicknesses of
ALD MoS;: (A,D) 2.2 nm, (B,E) 4.3 nm, and (C) 6.5 nm MoS,. Some contamination of the sample is visible on the 2.2 nm MoS, images (A,D) in the
form of white dots. F) Schematic cross-sectional representation of the MoS, film showing different types of fin structures.

barrier. As shown in Figure 1B, the diffusion of Cu is expected
to take place from vertical grain boundary to vertical grain
boundary, due to the high-energy barrier for diffusion through
the basal plane of MoS,.”! Consequently, there is additional lat-
eral (horizontal) diffusion in between the basal planes. The dif-
fusion along the grain boundaries is assumed to be faster than
the lateral diffusion under the influence of a perpendicular elec-
tric field. Fin structures, as schematically shown in Figure 2F,
likely add an extra vertical diffusion path.

In order to function as a Cu diffusion barrier, the MoS,
must form a closed film and thus fully cover the dielectric
underneath. The 5 million times magnification HAADF STEM
image of the 2.2-nm MoS, film in Figure 2D shows that on the
entire surface there is MoS, deposition, indicated by the pres-
ence of Mo atoms in the entire image. In the atomic-resolution
HAADF STEM image, the heavier Mo atoms are visible as
bright dots, while the S atoms cannot be visualized. The pattern
of the Mo atoms shows the crystal structure as expected from
MoS,. There are some small black spots visible on the surface,
but these are assumed to be point defects in the crystal. Diffu-
sion of Cu through point defects is not likely due to a relatively
high-energy barrier.”’l The islands with discrete levels in gray
scale in Figure 2B,C,E reflect the various numbers of 2D layers.

TDDB measurements were conducted at multiple electric
field strengths to investigate the influence of the electric field
on the barrier performance. The resulting time-to-breakdown
(tgp) is represented in the cumulative distribution plots shown
in Figure 3A-D for every thickness. Different positions on a
3 X 3 cm? sample were measured and no correlation between
the time-to-breakdown and position was observed. Moreover,
multiple samples were deposited during one run and there
was no correlation between the tgp and location in the reactor
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chamber, confirming the uniformity of deposition that is
expected from ALD. The plots reveal a longer median-time-to-
failure (TTFspy), i.e., an improved device performance, as com-
pared with barrierless structures for all electric field strengths
and thicknesses of MoS,. At 7 MV cm™, TTFs, increases with
a factor 2.6, 5.8, and 17 for 2.2, 4.3, and 6.5 nm MoS,, respec-
tively. As a reference, transferred h-BN and single-layer MoS,
grown by low-temperature CVD show an improvement of a
factor 4.6 and 2.1 at the same E-field.'213]
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Figure 3. Cumulative distribution of time-to-breakdown of structures:
A) without a barrier and B-D) with different thicknesses of MoS, barriers
under various electric field stresses. The median-time-to-failure (TTFspg)
is indicated with the dashed line. E) Median-time-to-failure as a function
of the MoS, barrier thickness.
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The trend of TTF5, with MoS, thickness is shown in
Figure 3E, which is different for each electric field. Structures
with a 2.2 nm MoS, film show a factor 2-15 improvement as
compared with the barrierless reference structures at all three
electric fields. The structures with a 4.3 or 6.5 nm MoS, film
show substantial improvement of TTFsyy at 6 and 7 MV cm™.
From the different graphs in Figure 3, it can be concluded
that the 4.3 and 6.5 nm thick MoS, films are more strongly
affected by the incrementing E-field than the 2.2 nm thick
film. The difference between the barrier performance of the
three thicknesses can likely be explained by the morphology of
the MoS, films. Thicker films have more horizontal 2D layers,
and thus effectively a longer diffusion path, enhancing the bar-
rier performance. However, from a thickness of 4 nm, there
are more fins for increasingly thick films, resulting in a trade-
off between the different diffusion contributions. At higher
E-fields, the influence of the diffusion through the fins most
likely becomes stronger, since the E-field is in the same (ver-
tical) direction as the fins. Thus, the TTFsq, of thicker films
is affected more by an increasing E-field than the TTFsq, of
relatively thin films.

The electric fields used in the TDDB measurements are
higher than the electric fields in an actual device. The median-
time-to-failure can be extrapolated to lower E-fields using the
conservative E-model®! in order to obtain insight into long-
term operation in devices. The extrapolation of the ALD-grown
MoS, results of this work, presented in Figure 4, shows that
all three thicknesses meet the “10 years” industry standard at
E<0.5 MV cm™. TDDB results of MoS, films from the litera-
turel’>13] are shown in Figure 4 together with our ALD MoS,
results, in order to compare different synthesis processes for
MoS, barriers. A comparison including h-BN["?l and TaS,[" bar-
riers can be found in the Supporting Information. The TTFsq,
values of the ALD MoS, films are in general better compared
with the other MoS, films. The extrapolation to low E-fields of
the ALD MoS, shows a higher slope and thus a better barrier

1012 LI S S S |
2.2 nm ALD MoS, 3
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Figure 4. Extrapolation of the median-time-to-failure data to low electric
fields, shown by the linear fit according to the E-model.?®l The horizontal
dashed line indicates a time of 10 years. ALD MoS; results are from this
work. Transferred MoS, and 850 °C CVD MoS, results are from Lo et al.
(2017)21 and 400 °C CVD MoS; results are from Lo et al. (2018).M
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performance at low E-fields. Although the ALD MoS, films
are thicker than the other MoS, films, the TTFsy, of 2.2 nm
MoS, extrapolated to 0.5 MV c¢cm™ is more than an order of
magnitude higher compared with the TTFsyy of the 1.3 nm
CVD MoS,, which shows the best extrapolation of the literature
results.l?

3. Conclusions

In this work, we demonstrate that MoS, synthesized by ALD
at a BEOL-compatible temperature can serve as a Cu diffusion
barrier. The barrier performance was assessed using TDDB
measurements at different electric fields. The morphology
resulting from the ALD growth affects the barrier perfor-
mance for thick (>4 nm) films. The thinnest films in this work
(2.2 nm) were least influenced by the electric field, which is
promising for further thickness downscaling. ALD MoS, layers
outperform CVD-synthesized MoS,, especially at lower E-fields.
Future work will focus on thickness scaling and investigating
other 2D-TMDs as a Cu diffusion barrier. The results highlight
the potential of ALD for 2D-TMD barriers in the BEOL.

4. Experimental Section

A plasma-enhanced ALD (PE-ALD) process as developed by Sharma
et al.?% was used to deposit different thicknesses of MoS; at a set table
temperature of 450 °C. PE-ALD processes are attractive for nanoscale
device fabrication, due to the high reactivity of the plasma.?l The
substrate temperature was =350 °C due to limited thermal contact
between the substrate and the table.’% The depositions were executed
using an Oxford Instruments FlexAL reactor equipped with a remote
inductively coupled plasma source. As precursor, Mo(N'Bu),(NMe,),
(98%, Sigma-Aldrich) was employed. The precursor was contained
in a stainless-steel canister, which was heated to 50 °C. A 50 sccm
Ar bubbling flow was applied to facilitate precursor delivery into the
reaction chamber. After each precursor dose (6 s) and plasma coreactant
exposure (20 s), an intermediate purge step (10 s) with 100 sccm of Ar
flow was implemented. A plasma mixture of 8 sccm H,S, 2 sccm H,, and
40 sccm Ar was used as the coreactant. The plasma was operated at a
power of 100 W at a pressure of =6 mTorr. At the used table temperature
of 450 °C, the precursor dose showed soft-saturating behavior.?% It could
not be excluded that this soft-saturation was resulting from precursor
decomposition. However, due to the short precursor dose (6 s), it was
expected that precursor decomposition had little to no contribution to
the growth or to the barrier performance. The deposited films consisted
of stoichiometric MoS, with a Mo:S ratio of 1:2.0.5"

Capacitor structures, illustrated in the inset of Figure 5, consisting
of p++ Si base with 90 nm dry thermal SiO, as the dielectric and with
a Cu/Al electrode on the top and an Al electrode on the bottom, were
used for TDDB measurements. The top electrodes were deposited
through a shadow mask, where the first 5 nm of Cu was deposited
either with e-beam evaporation or soft-impact sputtering, for which
no difference in performance was observed in the investigations.
Subsequently, the remaining 25 nm Cu and the Al were sputtered at
regular conditions. Likewise, the bottom Al electrode was sputtered
at regular conditions over the whole area. The adhesion between
the MoS, and the electrode, tested by a Scotch tape test, was better
than the adhesion between the MoS, and SiO,, see the Supporting
Information. TDDB measurements were performed at room
temperature by applying a constant electric field across the capacitor
structure. During the measurement, the current was measured as a
function of time, and the tgp was determined from the sharp increase

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. (/,t)-graphs of several individual TDDB measurements of sam-
ples without a barrier layer and with a 6.5 nm MoS, barrier layer, meas-
ured at 6 MV cm™. The red line indicates the breakdown leakage current
threshold. The inset shows a schematic representation of capacitor struc-
tures used for TDDB measurements.

in current where the leakage current exceeded 1.3 x 1072 uA um=2,? as
shown in Figure 5.

Single time-to-breakdown values did not provide information on
the barrier performance, since dielectric breakdown is a stochastic
process. Therefore, the tgp of at least 15 structures was recorded for
each barrier thickness. Each tgp was assigned a probability according to
the cumulative probability of failure formula presented by Fothergill.2
The standard deviation of the median was determined by the statistical
spread on a logarithmic scale.

As a reference, 10 nm node chips have a minimum metal pitch of
36 nm and V = 0.70 V, resulting in a field of E = 0.39 MV cm™.*
As time-to-failure studies using realistic electric fields are extremely
time-consuming, accelerated tests was performed where a series of
higher electric fields were used. The TTFsqy is the time for which 50%
of the samples had shown breakdown. The TTFsqy values resulting
from the TDDB measurements at 6, 7, and 7.5 MV cm™ could be
extrapolated to lower E-fields as shown in Figure 4. This extrapolation
provided insight in the performance at operating fields of
E<0.5MVcm™ (E = 0.39 MV cm™ for reference 10 nm node chips)
without requiring extremely long measurement times. The E-model
(In (TTFsge) = —E) was the most conservative model to extrapolate
TTFsos to lower E-fields?8l and was used here to not overestimate the
barrier performance.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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