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Self-Formation of a Ru/ZnO Multifunctional Bilayer
for the Next-Generation Interconnect Technology via

Area-Selective Atomic Layer Deposition

Yuki Mori, Taehoon Cheon, Yohei Kotsugi, Youn-Hye Kim, Yejin Park,
Mohd Zahid Ansari, Debananda Mohapatra, Yujin Jang, Jong-Seong Bae, Woobin Kwon,
Gahui Kim, Young-Bae Park, Han-Bo-Ram Lee, Wooseok Song,* and Soo-Hyun Kim*

This study suggests a Ru/ZnO bilayer grown using area-selective atomic
layer deposition (AS-ALD) as a multifunctional layer for advanced Cu metal-
lization. As a diffusion barrier and glue layer, ZnO is selectively grown on
SiO,, excluding Cu, where Ru, as a liner and seed layer, is grown on both
surfaces. Dodecanethiol (DDT) is used as an inhibitor for the AS-ALD of ZnO
using diethylzinc and H,0 at 120 °C. H, plasma treatment removes the DDT
adsorbed on Cu, forming inhibitor-free surfaces. The ALD-Ru film is then
successfully deposited at 220 °C using tricarbonyl(trimethylenemethane)
ruthenium and O,. The Cu/bilayer/Si structural and electrical properties are

investigated to determine the diffusion barrier performance of the bilayer film.

Copper silicide is not formed without the conductivity degradation of the
Cu/bilayer/Si structure, even after annealing at 700 °C. The effect of ZnO

on the Ru/SiO, structure interfacial adhesion energy is investigated using a
double-cantilever-beam test and is found to increase with ZnO between Ru
and SiO,. Consequently, the Ru/ZnO bilayer can be a multifunctional layer for
advanced Cu interconnects. Additionally, the formation of a bottomless bar-
rier by eliminating ZnO on the via bottom, or Cu, is expected to decrease the

1. Introduction

The semiconductor industry and modern
electronic devices require a stable metal
interconnect and efficient diffusion barrier
to minimize detrimental interactions. The
selection and implementation of multi-
functional diffusion barriers are essential
and challenging to maintain the tradeoft.
As the miniaturization of semiconductor
devices progresses, device fabrication has
faced many challenges.'3l The main chal-
lenge for the continued downscaling of
integrated circuits is the increase in the
resistance of the Cu interconnects due to
a decrease in volume. Furthermore, Cu
interconnects require a highly resistive
TaN diffusion barrier and Ta liner layer
to prevent Cu diffusion into the dielec-
trics and improve the adhesion between
Cu and the dielectrics.’®l As the size

via resistance for the ever-shrinking Cu lines.

decreases, these layers occupy a large part
of the interconnect cross-sectional area,
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Figure 1. a) Schematic illustration of a typical via structure. b) Schematic illustration of a via structure consisting of a Ru/ZnO multifunctional bilayer
using AS-ALD. The step coverage of diffusion barrier and liner/seed layer of (a) could be somewhat worse if the sputter-based deposition technology

is used.

and the Cu area decreases further. This causes an increase in
the resistance because of the decreasing dimensions of the Cu
and the high resistivity of the barrier and liner materials com-
pared to Cu. Accordingly, new interconnect materials, such as
Ru, Co, Ir, Rh, and others, that have a lower resistivity at small
dimensions and do not require barrier materials have been
suggested and studied.! However, Cu is still expected to be
the main conductor material because new interconnect mate-
rials are expected to be used for the narrowest structures, such
as MO and M1 Therefore, eliminating or reducing the liner
and/or barrier layers significantly reduces the interconnect
resistance.l%

Vias in the metallization structure are short vertical conduc-
tors connecting two levels of Cu interconnect lines (Figure 1a).l!"
Vias also need a liner layer similar to that at the trench. The dif-
fusion barrier at the bottom of the via only separates the two Cu
regions and is not necessary;!’l however, because of the dama-
scene integration scheme of Cu interconnects, it is redundantly
located at the bottom of the via. Because the electrons that
move vertically through the via must pass through the highly
resistive diffusion barrier layer, the via resistance increases. As
such, eliminating the diffusion barrier at the bottom of the via
and implementing a Cu surface with only its growth on the
sidewall of the via and trench is required for ever-shrinking
semiconductor devices. This bottomless barrier can reduce
the total barrier film thickness without reducing the barrier
film thickness of the sidewalls. The diffusion barrier on the via
bottom accounts for most of the high via resistance. Therefore,
the interconnect resistance can be reduced by eliminating the
diffusion barrier at the bottom of the via. To achieve a bottom-
less barrier, it is necessary to selectively deposit a diffusion bar-
rier on only the dielectric and not on the metallic Cu surface.

Area-selective atomic layer deposition (AS-ALD) is a prom-
ising approach that provides a bottomless barrier. Because ALD
is a film deposition method that utilizes a chemical reaction
on the surface, it is possible to control the growth and non-
growth surfaces by modifying the state of the surface.>"! The
most common AS-ALD method uses inhibitors that passivate
the surface. When inhibitors are adsorbed on the surface, they
inhibit the adsorption of the precursor on the surface and cause
nucleation delay during film growth. Self-assembled mon-
olayers (SAMs) are among the most commonly used inhibitors.
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SAMs selectively adsorb only on a specific surface because of
the head group and surface reaction. Additionally, the surface
properties can be controlled by the functional groups of the
SAM. Typically, transition metal nitrides, such as TaN, are used
as the diffusion barrier for Cu metallization because of their
ability to prevent metal diffusion and high stability at high tem-
peratures.['¥l The successful growth of transition metal nitrides
using AS-ALD has been reported.”""! Lionti et al. reported the
AS-ALD of TaN using (3-(12-(tricosa-11,13-diynoyloxy)dodecana-
mido)propyl)phosphonic acid as an inhibitor." The inhibitor
was selectively adsorbed onto W to form SAMs, which were
polymerized using UV exposure or heat treatment because of
the diyne moiety of the inhibitor. The polymerized SAMs exhib-
ited high thermal stability, and a TaN film of up to 3.8 nm was
deposited on SiN or SiCOH without TaN deposition on Cu
or W during the TaN ALD process.”) However, TaN requires
a high deposition temperature above =300 °C, and common
inhibitors, such as alkanethiols, are decomposed at these tem-
peratures.2%) Therefore, TaN might not be suitable for AS-ALD
using inhibitors. Merkx et al. reported the selective deposition
of TiN on SiO, and Al,0; and not on Co and Ru using aniline
as an inhibitor.?!] TiN can also be used as a diffusion barrier
for Cu interconnects; however, the deposition process of TiN is
plasma-enhanced ALD (PE-ALD) using Ar-H, plasma as a reac-
tant. Because the inhibitor adsorbed on the non-growth surface
was removed due to the high reactivity of the radical species, it
was necessary to supply the inhibitor every ALD cycle. This may
cause a decrease in the growth per cycle (GPC) on the growth
surface and the contamination of the film with impurities.l!
Additionally, a surface recombination of radical species causes
the difficulty of the conformal deposition on very narrow-sized
3D structures like vias.?2l Due to the above concerns, a non-
plasma process can be a better option for the film formation of
the bottomless barrier.

Thermally grown AS-ALD-ZnO as a bottomless Cu diffusion
barrier and as a glue layer for dielectric substrates is demon-
strated for the first time in this study. ZnO was selected because
ALD can deposit it at temperatures as low as 120 °C, a tempera-
ture at most of the inhibitors are thermally stable. Many studies
have reported using AS-ALD for the successful growth of ZnO
between SiO, and Cu substrates, 232 between a SiO, substrate
and other dielectrics (Al,0;, HfO,, TiO,, and Ta,0s),* and
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between a Si substrate and an Au substrate.”! Additionally, the
diffusion of Cu into ZnO requires heat treatment at high tem-
peratures (> 1000 °C).1?) In a previous report by Lépez-Salazar
et al., the diffusion coefficient of Cu in ZnO was reported to
be =2 x 1072 cm? s7! even at 1000 °C.13% The value is slightly
higher than in conventional TaN barriers (=1 x 107 cm? s7)
but significantly lower than in Si (=1 x 10™* cm? s7).5132
Although ZnO diffusion barriers have not been reported so far,
ZnO thin films are expected to function as diffusion barriers
for Cu interconnects. Furthermore, ZnO reacts with SiO, to
form Zn,Si0, at the interface.3334 Zn,Si0O, improves the inter-
facial adhesion energy between ZnO and SiO,.3>3% Wang et al.
reported that the Zn doping of Ru films improved the interfa-
cial adhesion energy through the diffusion of Zn and the for-
mation of Zn,SiO, at the interface between Ru and SiO,.’738l
RuZn alloy films were deposited by co-sputtering; however, it
was challenging to selectively deposit them on via sidewalls.
Furthermore, in this study, Ru thin films were grown using
ALD on ZnO and Cu surfaces as a conformal and highly con-
ductive metal liner/seed layer for electroplated (EP) Cu metal
lines, forming a ZnO/Ru multifunctional bilayer on the dielec-
tric surface and a single Ru layer without a ZnO barrier layer
on the Cu surface. The interfacial adhesion energy and diffu-
sion barrier performance of the Ru/ZnO bilayer were evaluated
for their application in advanced Cu metallization (Figure 1b).

2. Results and Discussion

2.1. Exposure of Dodecanethiol (DDT) on Substrates Prior
to ZnO ALD

The change in the surface conditions of the Cu and SiO, sub-
strates after DDT exposure at 120 °C was analyzed using water
contact angle (WCA) measurements (Figure 2a). The WCA on
the Cu substrate increased with an increased exposure time
and saturated at =107° after 15 s. In contrast, the WCA on
the SiO, substrate did not change up to 90 s. The increase in
the WCA value only on Cu substrates indirectly indicated the
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100 |+
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selective adsorption of DDT on Cu, but not on the SiO, sub-
strates. The thermal stability of DDT adsorbed on Cu was also
analyzed using WCA measurements of the DDT-exposed Cu
surfaces (Figure S1, Supporting Information). The WCA value
did not change at 120 °C, even after 16 h, indicating that DDT
had good thermal stability on the Cu surface at the ZnO depo-
sition temperature. Previous studies reported the WCA values
on Cu substrates after DDT exposure to be =106—111° and that
they depend on the Cu surfaces' oxidation state.?32>3 A WCA
value of =106° is obtained on DDT-exposed Cu substrates with
unoxidized Cu surfaces, whereas the WCA values change to
=110-111° on Cu,0 and 106-107° on CuO.**! Pristine Cu sub-
strates with native oxides were used in this study. Therefore, the
WCA results indicated that DDT was adsorbed on the Cu sub-
strates with CuO surfaces. DDT etches CuO surfaces to create
Cu-thiolate multilayers instead of SAMs.[*) These substrates
were analyzed using X-ray photoelectron spectroscopy (XPS)
to determine the selective adsorption of DDT. Figure 2b shows
high-resolution XPS spectra within the 158170 eV range for the
S 2p peak on DDT-exposed Cu and SiO, substrates.*] On the
Cu substrates, large thiol 2p;;, and 2p;,, peaks were observed
at 162.1 and 163.1 eV, respectively. These peaks were assigned to
the Cu-bound thiolate. However, no S XPS peak was observed
for the SiO, substrates. The WCA and XPS results confirm that
DDT was selectively adsorbed on Cu substrates but not on SiO,
substrates. The peak at =168 eV has been reported to be derived
from sulfone [R(SO,)R'],*! which is thought to have been gen-
erated by the air oxidation of thiol during the sample delivery
process for XPS analysis.

2.2. ZnO ALD on DDT-Exposed Substrates

To evaluate the blocking ability of DDT to prevent ZnO deposi-
tion on Cu surfaces, ZnO ALD was conducted on both DDT-
exposed Cu and SiO, surfaces at 120 °C using diethylzinc
(DEZ) and H,0 as the precursor and reactant, respectively.
The DEZ and H,0 pulsing times were 1 s each, which guar-
anteed the self-limited growth of ZnO (Figure S2, Supporting

b
® 1 _ on Cu S2p,,

—on Si0, (162.1 eV)
$2p,,

(163.1eV)
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Figure 2. a) WCAs as a function of the DDT exposure time at 120 °C on Cu and SiO,. Inset figures show contact angle images for droplets of the water
on Cu and SiO; before and after DDT exposure. b) S 2p XPS spectra after DDT exposure on Cu and SiO,.
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Figure 3. a) ZnO thickness on pristine and DDT-exposed SiO, substrates, b) atomic composition ratio of Zn on pristine Cu, DDT-exposed Cu, and
DDT-exposed SiO, substrates, as determined from the XPS spectra, and c) selectivity as calculated by the atomic composition ratio of Zn on DDT-
exposed Cu and SiO, substrates with an increasing number of ZnO ALD cycles.

Information). The thickness of ZnO and the atomic concentra-
tion of Zn on DDT-exposed substrates after different numbers
of ZnO ALD cycles were analyzed using X-ray reflectometry
(XRR), scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), and XPS (Figure 3). The ZnO thickness
measured on the DDT-exposed SiO, surface increased linearly,
and there was almost no nucleation delay in the extrapolated
thickness data. The GPC was =1.9 A cycle™!, which is similar to
that of the pristine SiO, substrate (Figure 3a). The XPS spectra
were evaluated to compare the change in the intensities of
the Zn peaks on both pristine Cu and DDT-exposed Cu as a
function of the number of ALD cycles (Figure S3, Supporting
Information). The Zn concentration is related to the amount
of ZnO on the surface. The Zn concentration on the pristine
Cu increased with the number of ALD cycles. In contrast, the
Zn concentration on the DDT-exposed Cu remained < 1 at% for
up to 150 ZnO ALD cycles (Figure S4, Supporting Information).
This indicates that DDT exposure effectively prevents ZnO dep-

osition on Cu. Selectivity was calculated using Equation (1):3%42

R s T Rns

—_& - (1)
Ry + Ry
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where Ry represents the atomic composition ratio of Zn on the
DDT-exposed SiO, growth surface (gs), defined as Zn/(Zn+Si),
and R, represents the atomic composition ratio of Zn on
the DDT-exposed Cu non-growth surface (ns), defined as
Zn/(Zn+Cu) (Figure 3b). Figure 3c shows the selectivity calcu-
lated using the atomic composition ratio of Zn on DDT-exposed
Cu and SiO, as a function of the number of ALD cycles. The
selectivity remained above 90% even after 100 cycles (=20 nm),
and the selectivity decreased with an increasing number of ALD
cycles, with a value of =80% at 200 cycles. This is similar to the
value reported in a previous study of AS-ALD ZnO on SiO, and
Cu substrates using DDT.[?}l The authors of the study compared
the selectivities of Cu substrates with different surface oxidation
states. Multilayer DDT was formed on the CuO surface, which
was formed by the UV ozone cleaning of the Cu substrate.
In contrast, monolayer DDT was formed on the Cu surface
without surface oxides. The selectivity using multilayer DDT
was approximately seven times more effective than that using
monolayer DDT, and the selectivity was > 90% after at least 100
ZnO ALD cycles. The results show that high selectivity can be
achieved using Cu substrates with a surface native oxide. X-ray
diffraction (XRD) and cross-sectional TEM (XTEM) analyses

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. STEM-HAADF images and EDS mapping of a) ZnO-ALD (50 cycles) on DDT-exposed SiO,, b) ZnO-ALD (150 cycles) on DDT exposed SiO,,
c) ZnO-ALD (50 cycles) on DDT-exposed Cu, and d) ZnO-ALD (150 cycles) on DDT-exposed Cu.

were performed further to analyze the selective ALD-ZnO
films (Figure S5, Supporting Information). Figure S5a, Sup-
porting Information shows the XRD results of the ALD-ZnO
films after 150 cycles (=30 nm) deposited on the DDT-exposed
SiO, and Cu substrates. The selective growth of ZnO on the
substrates can be clearly observed in the XRD results between
30° and 40° of 2 theta. ZnO peaks were observed on DDT-
exposed SiO, but not on DDT-exposed Cu. Figure S5b-d, Sup-
porting Information shows the XTEM results of the ALD-ZnO
films deposited on DDT-exposed SiO, with 50 and 150 cycles
and those deposited on the DDT-exposed Cu substrate with
150 cycles. =10 and 38 nm ALD-ZnO films were observed on
DDT-exposed SiO, after 50 and 150 cycles, respectively. These
results confirm that the thin thickness of the ZnO film on the
SiO, substrate exposed to DDT increased with an increasing
number of ALD cycles, whereas an ALD-ZnO film was hardly
deposited on the Cu substrate exposed to DDT. The scanning
TEM (STEM) high-angle annular dark field (HAADF) images
and energy-dispersive X-ray spectroscopy (EDS) mapping
results can clearly confirm these results in Figure 4. Figure 4a,b
shows that ALD-ZnO grew well on the SiO, substrate exposed
to DDT, consistent with the XTEM results. However, ALD-ZnO
did not grow on the Cu substrate exposed to DDT (Figure 4c),
and only a few nm of ALD-ZnO film deposited even after 150

Small 2023, 19, 2300290 2300290 (5 of 11)

cycles (Figure 4d). The thickness of ALD-ZnO film after 150
cycles deposited on DDT-exposed Cu was analyzed using XRR
measurements. The thickness of ZnO was =2 nm. The result
shows that ALD-ZnO was deposited on DDT-exposed Cu after
150 cycles, but the thickness is extremely thin compared to
ALD-ZnO on DDT-exposed SiO,. These results further support
the selective deposition of ZnO on DDT-exposed SiO, but not
on Cu.

2.3. H, Plasma Treatment for DDT Removal

To prevent potential contamination of the surface, DDT was
removed before the deposition of Ru. Several methods for
removing SAMs have been reported, such as acid treatment,
UV irradiation, oxidation by Os, thermal desorption, and
plasma treatment.'>#] Reagents in wet processes, such as acid
treatment, cause contamination. Oxidation processes, such as
UV irradiation and oxidation by Os, might oxidize the Cu sur-
faces, whereas thermal desorption causes incomplete decom-
position and contamination of impurities on the substrate.
In contrast, plasma treatment enables SAMs to decompose
into volatile fragments, which can be removed by purging.
Raiber et al. reported the removal of hexadecanethiol SAMs

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. Confirmation of the removal of DDT from the Cu surface as characterized using a) WCA measurements and b) XPS after the H, plasma
treatment at 150 °C for 5 min. Inset figure shows the XPS analysis result before the H, plasma treatment.

on Au surfaces using plasma treatment.”! They used H, and
O, plasmas to remove SAMs and compared the efficiencies of
the different plasmas. They confirmed that both plasmas could
remove SAMs, but O, plasma caused the oxidized Au surface
to be contaminated with oxidized S species. This study deter-
mined the ability of H, plasma treatment to remove SAMs on
Cu. The change in the surface conditions after a H, plasma
treatment at 150 °C was analyzed using WCA measurements
and XPS (Figure 5). The WCA was decreased by the H, plasma
and then saturated after 1 min (Figure 5a), indicating the forma-
tion of bare Cu surfaces with a low WCA owing to their hydro-
philicity due to the removal of DDT. Additionally, the elemental
compositions of the Cu surfaces after a H, plasma treatment
for 5 min were analyzed using XPS (Figure 5b). The peak inten-
sity of S on the Cu substrates decreased, indicating that the H,
plasma treatment removed the DDT on Cu. It is known that
alkanethiols adsorbed on metal surfaces can be removed using
reductive desorption.*U In this study, it is thought that the
reduction by H, plasma caused DDT desorption from the Cu
surfaces. DDT on Cu was also removed by thermal treatment at

high temperatures (Figure S6, Supporting Information). How-
ever, the efficiency of DDT removal was significantly lower than
that of the H, plasma treatment.

2.4. Ru-ALD on DDT-Removed Substrates

As explained above, ZnO was selectively deposited at 120 °C
on SiO, but not on Cu by the selective adsorption of DDT on
the Cu surface. A H, plasma treatment successfully removed
DDT at 150 °C for 5 min, and the inhibitor-free Cu sur-
face was regenerated. Subsequently, Ru-ALD was conducted
on ZnO and DDT-removed Cu surfaces at 220 °C by using
tricarbonyl(trimethylenemethane)ruthenium [Ru(TMM)(CO);]
and O, as a precursor and reactant, respectively, to grow a
highly conductive liner/seed layer of Cu. XRR measured the
thickness of Ru after 50 cycles, and the thickness of Ru after
100, 150, and 200 cycles was measured by SEM (Figure 6a). The
thickness of Ru measured on both ZnO, and DDT-removed Cu
surfaces increased linearly, and a very short nucleation delay
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Figure 6. a) Thickness of the ALD-Ru films deposited on ZnO and DDT-removed Cu surfaces as a function of the number of ALD cycles and b) XRD
patterns of ALD-Ru films deposited on ALD-ZnO and DDT-removed Cu surfaces.
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(=9 cycles) was observed in the extrapolated thickness data. The
GPC was =1.7 A cycle™ on both substrates, which is similar to
that reported previously for [Ru(TMM)(CO);] O,-ALD on SiO,
substrates.?! Figure 6b shows the XRD results of the ALD-Ru
films deposited on the ZnO and DDT-removed Cu surfaces.
Similar HCP-Ru XRD spectra were observed on both sub-
strates. The resistivities of the ALD-Ru films grown on both
substrates were as low as =22 pQ-cm, which is significantly
lower than that of typical liner/seed layer materials for Cu
interconnects, such as ALD-Ta (150-180 uQ-cm) and ALD-Co
(50-285 1Q-cm).>>% The conformity of the ALD-grown Ru
liner/seed layer and the ZnO diffusion barrier is important for
their use in vias. Previous studies have reported that Ru bilayer
films have diffusion barrier properties against Cu.”-%% How-
ever, their conformities are poor because they are deposited
by sputtering. However, in this study, the application of ALD
processes using DEZ and H,0 for ZnOP2 and [Ru(TMM)
(CO);] and O, for Rul? guaranteed excellent step coverage on
high-aspect-ratio 3D structures. Additionally, the formation of
the closed layer is also important for the high diffusion barrier
performance. The XTEM was performed to observe the mor-
phology of the Ru/ZnO bilayer (Figure S7, Supporting Infor-
mation). The XTEM image shows the morphology of the film
consists of densely packed continuous Ru and ZnO layers. This
result suggests that this Ru/ZnO bilayer is suitable as a diffu-
sion barrier.

2.5. Performance of the Ru/ZnO Multifunctional Layer

The Ru/ZnO bilayer investigated in this study was proposed as
a multifunctional layer for advanced Cu metallization, where
ZnO functions as a diffusion barrier and glue layer and the
highly conductive Ru film acts as a liner for Cul®*%4 and a seed
layer for Cu EP.-%/] This study evaluated the diffusion bar-
rier performance of the ALD-Ru/ALD-ZnO bilayer against Cu,
1 or 2 nm ALD-ZnO, and 4 nm ALD-Ru that were deposited
on Si substrates followed by Cu deposition by sputtering on a
Ru/ZnO bilayer. The multilayer structure of the Cu/bilayer of
the Ru/ZnO/Si wafer was annealed under high-vacuum con-
ditions (< 107 Torr) at 500-750 °C. To compare the diffusion
barrier performance of the Ru/ZnO bilayer, annealing was per-
formed on the structure with an ALD-Ru (5 nm) single layer
between Cu and Si as a reference. Copper films with a thick-
ness of 60 nm were deposited on all samples by sputtering.
Figure 7a—c shows the XRD patterns of the films annealed at
500-750 °C for 10 min. The XRD results of the Cu (60 nm)/Ru
(5 nm)/Si films (Figure 7a) show that intense Cu peaks were
still observed after annealing at 500 °C, and their peak inten-
sities were increased, as compared to the sample before
annealing, indicating that Cu diffusion into Si did not occur,
and the crystallinity of the Cu film improved. However, after
annealing at 550 °C, the intensities of the Cu peaks drastically
decreased, and most of the Cu peaks disappeared. Instead,
new peaks related to Cu silicides and Cu;Si and CuysSi, were
observed.’®! This indicates that Ru failed as a diffusion bar-
rier due to the diffusion of Cu into Si at this temperature. In
the case of the Cu (60 nm)/Ru (4 nm)/ZnO (1 nm)/Si films
(Figure 7b), strong Cu peaks were still observed after annealing
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at 550 °C, and peaks from Cu;Si and CuysSiy were observed
after annealing at 650 °C. By increasing the thickness of ZnO
to 2 nm, the structure of Cu (60 nm)/Ru (4 nm)/ZnO (2 nm)/Si
became stable up to 700 °C (Figure 7c). Peaks from Cu silicides
were observed after annealing at 750 °C. These results confirm
that the diffusion of Cu was drastically hindered by inserting a
very thin ALD-ZnO layer between Ru and Si.

Sheet resistance measurements were performed to further
understand the diffusion barrier performance of the Ru/ZnO
bilayer through its electrical conduction properties. Figure 7d
shows the sheet resistances of the Cu (60 nm)/ALD-Ru (5 nm)/Si,
Cu (60 nm)/ALD-Ru (4 nm)/ALD-ZnO (1 nm)/Si, and Cu
(60 nm)/ALD-Ru (4 nm)/ALD-ZnO (2 nm)/Si samples as a
function of the post-annealing temperature. The sheet resist-
ance of Cu (60 nm)/ALD-Ru (5 nm)/Si initially decreased after
annealing at 500 °C, which was due to the improvement in
the crystallinity of the Cu film and defect annihilation in the
Cu film during annealing, because most of the current in this
structure is carried by a highly conductive and relatively thick
Cu film instead of Ru. This phenomenon was reflected in the
XRD results of the sample after annealing at 500 °C (Figure 7a),
where the intensities of the Cu peaks were significantly
increased and their full width at half maximum was narrowed.
The sheet resistance of the Cu (60 nm)/ALD-Ru (5 nm)/Si struc-
ture began to increase after annealing at 550 °C and increased
drastically after annealing at 600 °C, indicating that the diffu-
sion barrier failed at that temperature. In fact, various Cu sili-
cides with significantly higher resistivity than Cu were observed
after annealing at 550 °C (Figure 7a). Both the formation of Cu
silicides and the consumption of highly conductive Cu owing to
the diffusion of Cu through the Ru single layer contributed to
the increase in the sheet resistance after annealing at tempera-
tures > 550 °C. In contrast, the sheet resistance of Cu (60 nm)/
ALD-Ru (4 nm)/ALD-ZnO (1 nm)/Si did not change until the
samples were annealed at 600 °C. When the temperature was
increased to 650 °C, where the formation of Cu silicides was
observed (Figure 7b), the sheet resistance increased. Upon
increasing the thickness of ZnO to 2 nm, the sheet resistance
of Cu (60 nm)/ALD-Ru (4 nm)/ALD-ZnO (2 nm) was stable up
to 700 °C and started to increase after annealing at 750 °C with
the formation of Cu silicides (Figure 7c). These results suggest
that by adding a very thin (1 nm) ZnO layer to Ru, its barrier
performance against Cu was significantly enhanced (improve-
ment up to 100 °C), which was further enhanced by increasing
the thickness of the ZnO layer. Table S1, Supporting Informa-
tion shows a summary of diffusion barrier materials deposited
by ALD. In previous reports, a bilayer and alloys containing Ru,
nitrides, and oxides have been reported as barrier materials.
Compared to these materials, the Ru/ZnO bilayer shows low
resistivity and high failure temperature with relatively thin film
thickness. It indicates that Ru/ZnO bilayer is a promising can-
didate of bottomless diffusion barrier for Cu interconnects.

The measured interfacial adhesion energy of the Cu/Ru
(5 nm)/SiO, structure using a double cantilever beam (DCB)
test was 0.87 + 0.13 ] m™2 and it was delaminated between
Ru and SiO,. However, the interfacial adhesion energy of the
Cu/Ru (4 nm)/ZnO (2 nm)/SiO, structure, as measured using a
DCB test, was 2.21 + 0.39 ] m™2 and it was delaminated between
ZnO and SiO,. This increase in the interfacial adhesion energy

© 2023 The Authors. Small published by Wiley-VCH GmbH

85U8017 SUOWWIOD BAII8.D 3(edl|dde ay) Aq peusenob afe saie YO 8sn Jo Sa|ni Joj Akeid8UIIUO AB]IM UO (SUORIPUOD-PUR-SLLLIBI WD A8 | 1M ARe.d 1 jBul [UO//:SdNL) SUOIPUOD Pue SIS | 8L} 88S *[7202/T0/20] Uo Aiqi8ulluo A8|Im ‘JO @imisu| feuoieN ues|n Aq 06200£202  11WS/Z00T OT/I0pA0D" A8 |1 AReiq 1 ul|uo//Sdiy Wwolj pepeojumod ‘ve ‘€202 ‘62896T9T



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

(@) |cu/Ru/znO (0 nm)/Si

v) Cu(111) Cu(200) Cu(220)

Intensity (a.u.)

500 °C ann. J

I
I
i
'
i
|
I
i
!
A
i
I
i
I
:

(©) [Cu/Ru/ZnO (2 nm)/Si

~ Cu(111) Cu(200) Cu(220)

O o ' O '

/
750 °C/ann. (&)

700 °C ann.

Intensity (a.u.)

650 °C ann.

550 °C ann.

20 30 40 50 60 70 80

(d)

Sheet resistance (Q/o)

www.small-journal.com

(b) |cu/Ru/ZnO (1 nm)/Si

Cu(111) Cu(200) Cu(220)
| |

650 °C ann.

Intensity (a.u.)

550 °C ann.

20 30 40 50 60 70 80
28 (%)
300} ® Cu/Ru (5 nm)/ZnO (0 nm)/Si

= Cu/Ru (4 nm)/ZnO (1 nm)/Si
250L® Cu/Ru (4 nm)/iZnO (2 nm)/Si

200 |

150 -

100

63
o
T

0FfF

As-dep.500 550 600 650 700 750
Annealing temperature (°C)

Figure 7. XRD results of a) the Cu (60 nm)/ALD-Ru (5 nm)/ALD-ZnO (0 nm)/Si, b) Cu (60 nm)/ALD-Ru (4 nm)/ALD-ZnO (1 nm)/Si, c) and Cu
(60 nm)/ALD-Ru (4 nm)/ALD-ZnO (2 nm)/Si structures after annealing at different temperatures. d) Sheet resistance of the Cu (60 nm)/ALD-Ru
(5 nm)/ALD-ZnO (0 nm)/Si, Cu (60 nm)/ALD-Ru (4 nm)/ALD-ZnO (1 nm)/Si, and Cu (60 nm)/ALD-Ru (4 nm)/ALD-ZnO (2 nm)/Si structures after

annealing.

is due to the ZnO diffusion barrier between Ru and SiO,. Pre-
vious studies reported that the measured interfacial adhesion
energy of the Cu/Ru/SiO, structure using a four-point bending
(4-PB) test was =3 ] m~2%70 Additionally, previous studies
have reported that the minimum limit criterion of the interfa-
cial adhesion energy is 5 ] m~2, which is defined as the criterion
for the back-end of the line process to prevent delamination
during chemical mechanical polishing.’!! However, this crite-
rion can only be applied in the case of the 4-PB test. The phase
angles (ratio of modes) of the DCB and 4-PB tests were 0° and
43°, respectively. The interfacial crack during the DCB test was
almost tensile; therefore, the phase angle was ~0°. However,
the 4-PB test is a mixed mode in which both tensile and shear
stresses are applied to the sample, but the shear stress is more
dominant; therefore, the phase angle is larger than that of the
DCB test.?7% This can be explained by the increased interfa-
cial adhesion energy according to phase angle due to the effect
of the higher roughness-related shielding and plastic energy
dissipation of the 4-PB test than that of the DCB test."?] Fur-
thermore, the interfacial adhesion energy measured using the
4-PB test was approximately three to five times higher than that
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measured by the DCB test.”? Therefore, the interfacial adhe-
sion energy of each sample structure measured using the 4-PB
test is expected to be higher than the value measured using the
DCB test.

3. Conclusions

In this study, ZnO thin films were selectively deposited only on
SiO; surfaces and not on Cu surfaces using DDT as an inhib-
itor during the ZnO-ALD process at 120 °C. Through the selec-
tive adsorption of DDT on the Cu surface, the high selectivity
of ZnO-ALD was maintained for up to 100 ALD cycles. After
the AS-ALD of ZnO, DDT adsorbed on the Cu surface could be
easily removed using a H, plasma treatment at temperatures
as low as 150 °C. Ruthenium thin films as liner/seed layers
for Cu metallization were grown on both ALD-ZnO and DDT-
removed Cu surfaces by Ru-ALD at 220 °C using [Ru(TMM)
(CO)3] and O,. The XRD and sheet resistance results showed
that the diffusion barrier performance of Ru (4 nm)/ZnO
(1, 2 nm) against Cu was drastically improved, as compared to
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that against an Ru (5 nm) single layer. The DCB test results
indicated that the Ru (4 nm)/ZnO (2 nm) bilayer exhibited
excellent interfacial adhesion energy (=2.21 ] m~2), as compared
to that of a Ru (5 nm) single layer (=0.87 ] m~2) between the Cu
and SiO, dielectric. Thus, the results suggest that the Ru/ZnO
bilayer is a promising candidate for a multifunctional layer as a
diffusion barrier, liner, and seed layer for advanced Cu metalli-
zation. Moreover, it can be further expected that a low via resist-
ance can be achieved using the AS-ALD-ZnO diffusion barrier,
which is only deposited on the SiO, dielectric surface and not
on the Cu surface, demonstrating the successful application of
AS-ALD in semiconductor device processing.

4. Experimental Section

Exposure of DDT on Substrates: Inhibitor exposure on Cu and SiO,
substrates prior to ZnO ALD was performed in a traveling-wave-type
ALD reactor (Lucida-D100, NCD Technology), where ZnO and Ru were
used. DDT (> 98%, Sigma-Aldrich) and N, were used as the inhibitor
and purging gas, respectively. DDT was stored in a stainless-steel
canister, which was maintained at 85 °C. The DDT adsorption process
was optimized as a function of the substrate temperature and DDT
exposure time. The temperature of the substrates was maintained in the
range of 100260 °C. The idle time after the DDT pulse was set at 80 s
for sufficient exposure to the substrate by closing the pumping line, and
the purging time was 120 s.

ZnO-ALD on DDT-Exposed Substrates: ZnO-ALD was performed
to evaluate the blocking properties of the DDT inhibitor. The blocking
test was performed in a thermal ALD system with a base pressure of
0.15 Torr, and the substrate temperature was maintained at 120 °C. For
the ZnO-ALD, DEZ (EG Chem Co., Ltd.) and H,O were used as the
precursor and reactant, respectively. Both DEZ and H,O were stored in
stainless-steel canisters, which were maintained at 10 °C using a cooling
system to control their vapor pressure. The gas flow rate of the purging
N, was 100 standard cubic centimeters per minute (sccm). One cycle
of ZnO-ALD was composed of a 1's DEZ pulse, 10 s N, purge, 1s H,0
pulse, and 30 s N, purge. The GPC of the ZnO-ALD on the DDT-exposed
SiO, substrates was =1.9 A cycle™.

H, Plasma Etching for DDT Removal: H, plasma etching using a
shower-head type plasma-enhanced ALD reactor (Lucida-M100, NCD
Technology) was performed to remove the DDT on the substrates. The
plasma source was a capacitively coupled plasma type with a direct
plasma operation. The H, gas flow rate was 30 sccm, and the radio
frequency power was 100 W. The chamber pressure during plasma
etching was maintained at =0.4 Torr.

Ruthenium-ALD on DDT-Removed Substrates: Ruthenium-ALD was
performed using the same thermal ALD reactor with [Ru(TMM)(CO);]
(TANAKA Precious Metals, Japan) and O, as the precursor and reactant,
respectively.”d [Ru(TMM)(CO)s] was stored in a stainless-steel canister,
which was maintained at 10 °C using a cooling system. The Ru precursor
was pulsed and carried into the chamber by N, gas at a flow rate of 50
sccm. The gas flow rates of reactant O, and purging N, were 50 and 100
sccm, respectively. The deposition temperature was 220 °C. One cycle of
Ru ALD was composed of a 10 s [Ru(TMM)(CO);] pulse, 10 s N, purge,
10 s O, pulse, and 10 s N, purge. Ruthenium films were deposited on
ZnO (4 nm)/SiO, and DDT-removed Cu substrates. The GPC of the Ru
ALD was =1.7 A cycle™.

Characterization of the Film Properties: WCA measurements were
performed using an optical contact angle measuring and contour
analysis system (OCA 20, Dataphysics Instruments) to confirm the
change in the surface hydrophobicity caused by the adsorption of DDT.
The thicknesses of the ALD-grown films were determined using XRR
(PANalytical X’-Pert MRD, Cu Ke radiation at 1.5 kW) and field-emission
SEM (S-4800, Hitachi). Phase identification was performed using grazing
incidence angle XRD (PANalytical X’-Pert MRD) analysis with Cu Ko
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radiation at a wavelength (1) of 1.5406 A and a grazing-incidence angle
of @=3°. The sheet resistances of the films were measured using a four-
point probe station. The film compositions were analyzed using XPS
(ESCALAB 250, monochromatic Al Ker source, VG Scientific, KBSI Busan
Center) using XTEM (Tecnai F20 equipped with 200 kV accelerating
voltage) and a focused ion-beam technique for sample preparation. EDS
analysis was performed using the same TEM equipment.

Diffusion Barrier Test: The diffusion barrier performance of the Ru/ZnO
bilayer between Cu and Si was evaluated. For the evaluation, 60 nm-thick
Cu films were sputter-deposited onto a Ru/ZnO bilayer on Si wafers.
The thickness of ZnO was varied from 1 to 2 nm to evaluate the
effect of the thickness of the ZnO bottomless barrier on the diffusion
barrier performance against Cu. These Cu/bilayer (Ru/ZnO)/Si
samples were then annealed under high vacuum (< 107® Torr) for
10 min at temperatures ranging from 500 to 750 °C at intervals of 50 °C.
For comparison, a structure without the ZnO barrier, Cu/Ru/Si, was
prepared and post-annealed. The barrier performance after annealing
was evaluated using sheet resistance measurements and XRD.

Interfacial Adhesion Energy Measurement: A sample was fabricated,
as shown in Figure S8, Supporting Information, to investigate the effect
of the ZnO diffusion barrier between Ru and SiO, on the interfacial
adhesion energy. Additionally, a DCB test was conducted to evaluate
the interfacial adhesion energy. To form a sandwich structure, thin
films were deposited on a 625 um-thick, 6-inch Si wafer. Figure S8a,b,
Supporting Information shows schematics of the Cu (60 nm)/Ru (5 nm)
and Cu (60 nm)/Ru (4 nm)/ZnO (2 nm) multilayer thin film sandwich
structures between Si wafers for the DCB test. To prepare the sandwich
structure, a 100 nm thick SiO, thin film was deposited on a Si wafer
using a thermal oxidation process. Then, a 5 nm-thick Ru film was
deposited on SiO, with 35 ALD cycles, and a 60 nm-thick Cu layer was
deposited on the Ru film by sputtering. Additionally, a 2 nm-thick ZnO
layer was deposited on SiO, with 10 ALD cycles, and a 4 nm-thick Ru film
was deposited on ZnO with 30 ALD cycles. Subsequently, a 60 nm-thick
Cu layer was deposited on the Ru film by sputtering. To prepare the
DCB test sample, the deposited Si wafer and a dummy Si wafer (with
thermally grown SiO,) were cut into 10 X 40 mm? rectangular pieces. An
epoxy adhesive (EPO-TEK 353ND, Epoxy Technology Inc.) was applied
to the surface of the dummy Si wafer, which was attached to create a
sandwich structure. Subsequently, the epoxy adhesive was cured at
120 °C for 2 h. The epoxy adhesive was not applied in the pre-crack;
therefore, the sample was not bonded in this area. Aluminum loading
taps were attached to the upper and lower sides of the DCB test sample
using a commercial adhesive (DP-420, 3 M), as shown in Figure S8c,
Supporting Information. The commercial adhesive was then cured at
80 °C for 30 min. The fracture mechanics of the DCB test samples were
tested using a micromechanical test system (Mini Microload Tester;
R&B Inc., Korea). The sample was loaded and unloaded at a consistent
displacement rate of 0.03 mm min~". The applied load was continuously
measured as a function of the displacement, as shown in Figure S9,
Supporting Information./’78 The sample was initially loaded elastically.
However, crack propagation occurred along the weak interface between
the thin film and Si wafer once the strain-energy release rate exceeded
the interfacial adhesion energy between the thin film and Si wafer. At
this critical point, the gradient of the load—displacement curve started
to decrease, considering the changes in the sample compliance with the
propagation of the crack. The beam was unloaded during the continuous
propagation of the crack by several millimeters. Subsequently, several
additional multiple instances of loading, crack propagation, and
unloading cycles were applied to the beam. The crack length (a) and
interfacial adhesion energy (G,) were calculated using Equations (2) and
(3):7779-81

1
13 \3
a:(CES"’“ )3 —~0.64h @)
12P2q? hY
Co=ppms (1+0.645) 3)
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where C, E’, b, h, and P, are the sample compliance, plane strain
modulus of the beam (Si wafer:169 GPa), sample width (10 mm), half of
the beam thickness (625 um), and critical load where the gradient of the
load—displacement curve started to decrease, respectively.
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Supporting Information is available from the Wiley Online Library or
from the author.
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