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Abstract

Cobalt is one of the most promising materials to replace copper interconnect. In this
study, submicron trenches were successfully filled without defect using benzene ring
and imidazole based single additives as a suppressor and their filling mechanisms were
investigated. Cobalt electrodeposition involves hydrogen evolution reaction (HER),
and the proton supply in feature filling varies depending on the location because of the
topographical characteristics, thereby resulting in electrode surface changes like pH
and hydrogen adsorption. Based on this phenomenon, void-free trench filling was
achieved using benzimidazole (BZI) as an additive, which has different suppression
effects depending on pH. Linear sweep voltammetry experiments confirmed the
modification in suppression behavior of the additive according to pH.
Chronoamperometric transients were performed at a fixed BZI concentration to
confirm the potential region, wherein actual cobalt deposition was suppressed.
Chronoamperometric analysis with various rotation rates was also conducted to
demonstrate the effect of proton concentration near the electrode on the suppression
effect of BZI. Finally, a void-free filling working mechanism in a low aspect ratio

trench using BZl was proposed. This study proposes, a single additive, whose



suppression behavior changes according to the change in pH of the electrode surface,

by considering the pH of the cobalt deposition solution and pK, value of the additive.

Furthermore, it was demonstrated that void-free filling can be made even in a trench

with a low aspect ratio by calculating the proton centration distribution change during

the filling process.

We also investigated the superconformal cobalt filling of submicron trenches by

electrodeposition in the presence of 2-mercaptobenzimidazole (MBI), which

suppresses both cobalt deposition and the HER. The mechanism through which this

single additive enables superconformal cobalt filling is investigated. The formation and

breakdown of the suppression layer are characterized by linear sweep voltammetry and

chronoamperometry. The convection-driven local concentration of MBI exerts different

suppressing effects on cobalt reduction and the HER, leading to a change in the

deposition rate and the current efficiency of cobalt. These phenomena induce a

deposition rate differential between the top and bottom of the submicron trench,

enabling bottom-up cobalt filling with a V-shape profile. In this study, we introduced

new additives for cobalt feature filling, which were previously introduced only a few,

and explained each filling mechanism from the HER related perspective.



Keywords: submicron trench, cobalt, electrodeposition, single additive system,

superfilling, hydrogen evolution reaction
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CHAPTER|

Introduction

1.1. Issues in interconnects and alternatives

As technology advances, electronic devices are continuously scaled down and the
dimensions of tungsten contacts or copper interconnects are inevitably reduced. This
flow is illustrated in the road map for logic device as shown in Fig.1.1," and will have
the same direction in the memory device. In particular, the contact and M1/M2 have
the narrowest width because they are located at the bottom of the electronic device, as
shown in Fig. 1.2.> When the size of interconnect reduces below a certain level,
resistivity, which is considered as an intrinsic characteristic of the material, increases
rapidly because of the resistivity size effect.®*” The size effect, which is the origin of
the increase in resistivity, is related to the electron mean free path (EMFP). In general,
in bulk materials, resistivity is dominated by electron—phonon scattering; therefore, the
larger the EMFP, the lower the resistivity. However, as the line width of the

interconnect approaches the EMFP, the surface collision and the grain boundary



scattering increases.” ® Therefore, the increase in resistivity of the conductive metal
causes an increase in the resistance of interconnect. In addition, in contacts or
interconnects, barrier layer such as Ti/TiN or Ta/TaN that prevents the diffusion of the
conductive metal is used. Since the thickness of the barrier layer cannot be reduced
below a certain value, the area for conductive metal decreases as the line width of the
interconnect decreases as shown in Fig. 1.3.9 Therefore, as the line width decreases, the
interconnect resistance increases rapidly. This phenomenon is evident at the
interconnect line width of <10 nm, which was recently reported; moreover, line
resistance increases to approximately 10 times that of bulk resistance.’® When the
interconnect resistance increases, semiconductor power consumption increases and
speed delay occurs, limiting the performance of the semiconductor device, and
adversely affecting the continuous device scaling."* To overcome this limitation, it is
advantageous to use a material that has a relatively small EMFP or maximize the
volume of the conductive metal using a material capable of reducing or removing the
barrier layer.> ** The candidate materials that satisfy these conditions are nickel,
ruthenium, and cobalt. Among them, cobalt facilitates easy deposition and has a low
cost, making it the most appropriate candidate.** Also, cobalt has a much smaller

EMFP of 11.8 nm compared to tungsten (15.5 nm) or copper (39.9 nm), and the barrier



layer can be reduced to 2 nm.** ** Due to these characteristics, cobalt has emerged as a
suitable material to replace tungsten for contacts and copper for interconnects, and

relevant research has been actively conducted.
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1.2. Co electrodeposition and feature filling

Extensive studies have been reported on the application of cobalt in interconnects.
Most of these studies focus on the resistance change and reliability after cobalt
deposition through chemical vapor deposition (CVD).** % Conversely, only a few
studies on the metallization of cobalt interconnect formed by electrodeposition have
been conducted although electrodeposition has various merits.?*?" Electrodeposition
has a considerably shorter process time than CVD, and the deposition characteristics
can be easily controlled by changing the applied current or voltage and by introducing
additives. Cobalt electrodeposition is a process to reduce cobalt ions in the electrolyte
on the conductive substrate by externally applying electrons as shown in Fig. 1.4.
Cobalt electrodeposition occurs simultaneously with the hydrogen evolution reaction

(HER), as can be seen from the standard reduction potentials in equations below.

Co?*(aq) + 2e~ — Co(s),E = —0.28 V (vs. NHE) (1.1)

2H*(aq) + 2e~ - H,(aq),E = —0.00 V (vs.NHE) (1.2)



As is well known, HER inevitably takes place during cobalt electrodeposition, and it
is essential to become familiar with these secondary processes to understand cobalt
electrodeposition. These secondary processes increase the pH at the electrode—
electrolyte interface, and cobalt hydroxide may precipitate under the increased pH
condition.® % In this case, considerably large nodules and rough surfaces are formed
and conductivity is reduced, resulting in a reduction in the quality of cobalt plating. To
prevent this, boric acid with a buffering capability is mainly used in Watts-type plating
baths.** !

Cobalt has been used in the fields such as storage devices and magnetic sensors
owing to its ferromagnetic nature. Therefore, previous researches on cobalt
electrodeposition mainly focused on the cobalt structure, shape control, and deposition
mechanism for the cobalt film on the plane substrate.?**® In contrast, in patterned areas
such as interconnects or contact, the purpose of the study is completely different. With
the deposition conditions on the plane substrate, one cannot help obtaining
subconformal or conformal deposition when performing feature filling. The
subconformal and conformal deposition causes the formation of voids or seams as
shown in Fig. 1.5. These defects expand during the repetitive operation of

semiconductor devices after the annealing. To prevent the formation of voids or seams,



superconformal deposition, or so-called superfilling, is required for the device
reliability. Superconformal filling can be achieved by selective deposition on the
bottom of the feature, which induces bottom-up growth. In other word, for feature
filling, a difference in deposition rate between the top and the bottom must be given,
and for this purpose, the use of additives is essential. However, there are less than ten

studies for cobalt feature filling, and further studies are needed.
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Figure 1.4. Schematic diagram of Co electrodeposition.
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(a)
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(b)

(c)

! !

Figure 1.5. Three types of deposition profile during the feature filling: ()

subconformal, (b) conformal, (c) superconformal deposition.
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1.3. Additives for the Co feature filling and the mechanism

Additives are widely used to modulate the conditions of plating in electrodeposition.
In particular, when conducting feature filling, additives are essential components that
cause a variation in the deposition speed depending on the deposition spots, thereby
enabling the performance of superconformal growth. Copper bottom-up filling
electrodeposition is carried out using a three-additive system consisting of a suppressor,
an accelerator, and a leveler. Many studies have been conducted on the behavior of
additives and their growth mechanisms; however, various additives are still being
developed for copper electrodeposition.**** Conversely, for cobalt, most studies used a
suppressor type of single additive. The use of a single additive simplifies the system
and makes it easier to monitor the reliability of the solution. If superfilling is possible
with only a single additive system, we may not have to use a multi additive system.
There are studies on the additives and mechanisms for cobalt bottom-up filling with
single additive system, although these are still insufficient. Some studies explain the
mechanism based on the S-shaped negative differential resistance theory®* % and the
deposition speed difference due to complex formation,” which has been suggested in

copper bottom-up filling studies. Studies explaining the mechanisms based on the

12



interaction with the HER involved in cobalt reduction have also been reported.”® '
Proton reduction during cobalt electrodeposition causes a change in pH at the electrode
surface.® In addition, during the cobalt feature filling, the proton supply varies due to
the difference in the convection rates at the top and bottom in spite of the high
diffusion coefficient of proton, thereby affecting the pH depending on the location.**®
Therefore, the use of additives whose suppression effect changes in accordance with
pH would manipulate the bottom-up filling characteristics.? * Similarly, if an additive
that can suppress the HER in the potential region of cobalt deposition is used, the
current efficiency can be increased, and the quality of the plating can be improved by
inhibiting the increase in pH.

Since cobalt is included in the iron group metal, it was referred to in the selection of
additives for feature filling through various studies which introduce new additives for
electrodeposition with iron group metals.” °*° In the case of nickel, one of the iron
group metals, there have also been many studies on additives for superconformal
filling. Polyethyleneimine (PEI) and benzimidazole derivatives, such as 2-
mercaptobenzimidazole (MBI) and 2-mercapto-5-benzimidazolesulfonic acid (MBIS),

were shown to yield void-free feature filling.”® 7 A common feature of these

additives is that they contain a benzene ring or nitrogen atom. The benzene ring

13



maintains the adsorption through the interaction of m-electrons with substrate. In
addition, the nitrogen atom achieves effective adsorption by donating the unshared
electrons to the substrate. Benzimidazole derivatives mainly consist of the fusion of
benzene ring and imidazole as shown in Table 1.1. Therefore, we considered
benzimidazole derivatives as a single additive for cobalt superconformal
electrodeposition. Among the benzimidazole derivatives, 2-mercaptobenzimidazole-5-
sulphonic acid, which has been already studied,?® and benzotirazole, which cannot give
a difference in top-bottom deposition rate by forming a web-shaped inhibitory layer’
are excluded. 2-Mercaptobenzimidazole and benzimidazole have not yet been
introduced for cobalt superfilling, and they are expected to exhibit effective
suppression on cobalt deposition. Therefore, we selected these two materials and

studied to apply them to cobalt superfilling.

14



1.4. Purpose of this study

It is obvious that additives have a critical role in bottom-up feature filling with the
relatively strong suppression on the top accompanying the weak or no suppression on
the bottom. Also, in cobalt electrodeposition, the relationship between additives and
HER should be investigated in depth. In this study, new kinds of additives are
introduced based on the molecular structures of additives reported previously.
Benzimidazole (BZI) and 2-mercaptobenzimidazole (MBI) were introduced as additive
which has cobalt deposition suppressing effect. By adding the suppressors, void-free
superconformal filling was achieved. However, the filling profile was markedly
different. Therefore, we tried to understand the working mechanism of both additives,

respectively.

15



Additive Structure pKa1

p Ka2

»
Benzimidazole N 5.6
)
N
§

Benzotriazole N <0
N
J
N
N
2-Mercaptobenzimidazole Oi />—SH <0
N

Table 1.1. Molecular structure and pK, of benzimidazole derivatives.
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CHAPTER I

Experimental

2.1. Basic condition: electrolyte and electrode system

The electrochemical measurements and trench filling experiments were performed in
a three-electrode system with a potentiostat (PAR 273A, Princeton Applied Research)
as shown in Fig. 2.1. A Co rotating-disk electrode (RDE, 0.071 cm?) and Cu seeded
submicron trench wafer were used as working electrode for purpose of each
experiments. The width and height of the feature were 180 and 360 nm, respectively,
thus aspect ratio (height/width) was 2. A Pt mesh and Ag/AgCl electrode (KCI
saturated) were used as the counter and reference electrodes, respectively. The virgin
makeup solution (VMS) for cobalt electrodeposition consisted of 0.1 M CoSO,-7H,0,
0.5 M H3;BO;, and 1.0 M Na,SO,, and the pH was adjusted to 3 by adding H,SO,.
Since boric acid has buffering capability, it prevents cobalt hydroxide precipitation due
to hydrogen evolution.” The 0.5 M of boric acid was added because the buffering

ability was saturated above that concentration. Sodium sulfate was used as a supporting

17



electrolyte because it does not participate in electrochemical reactions and to improve
electrolyte's conductivity.” In order to lower the solution resistance to the minimum,
sodium sulfate was added to the maximum that can be dissolved. The temperature of
the electrolytes was precisely controlled at 25 °C. The rotation rate is 500 rpm during
electrodeposition unless otherwise specified. UV spectra for additives were obtained
and analyzed using a UV-VIS spectrometer (Genesys-10, Thermo). BZI or MBI (50
uM) were dissolved in deionized (DI) water and pH was adjusted using H,SO, and
NaOH. Each sample was analyzed in a 10 mm-length quartz cuvette using wavelengths

in the region of 200-900 nm against the DI blank.

18



Figure. 2.1. Schematic

electrodeposition.

diagram of the three-electrode system for the Co
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2.2. Electrochemical analysis and electrodeposition

The electroanalytical measurements and electrodeposition were performed with a
potentiostat (PAR 273A, Princeton Applied Research) in a three-electrode system,
including a working electrode, with Pt mesh and Ag/AgCl electrode (KCI saturated) as
the counter and reference electrodes, respectively. The temperature of the electrolytes
was maintained at 25 °C using a thermostat.

Four different concentrations of BZI (25, 50, 100, and 200 uM) and MBI (50, 100,
150, and 200 uM) were added to the electrolytes to investigate their effect on cobalt
deposition. The electrochemical behavior of BZI and MBI was investigated by linear
sweep voltammetry (LSV) and chronoamperometric transients using a cobalt RDE
with a geometric area of 0.071 cm? as the working electrode. Cobalt rod (Avention® , 3
mm diameter and 99.9 % metal basis) was inserted into Teflon holder (12 mm diameter)
for usage as the electrode for the RDE system. The surface of the cobalt RDE was
polished using a 2000-grit sand paper after which it was rinsed with deionized (DI)
water and blown dry with N, prior to the electrochemical analyses. The voltammetric
response was scanned from OCP to -1.4 V (vs. Ag/AgCl) at a scan rate of 10 mV/s and

rotating rate of 500 rpm for the RDE to overcome the diffusional limitation of cobalt

20



ion. Chronoamperometric experiments were performed by immersing the specimens
under open circuit conditions, and after a few seconds the potential was stepped to
initiate cobalt deposition.

The submicron trench filling was performed with a trench-patterned Si wafer supplied
by SK Hynix, Inc. with a width of 180 nm and a depth of 360 nm. The substrates were
metalized by the physical vapor deposition (PVD) of a Ta barrier layer and a copper
seed layer. Prior to electrodeposition, a coupon wafer, fragmented at 1.5 cm x 1.5 cm,
was loaded on the Teflon holder to expose an area of 1 cm?® Before the
electrodeposition of the cobalt seed layer, the wafer was immersed into an aqueous
solution of 0.03 M citric acid and 0.034 M potassium hydroxide for 2 min to remove
the native oxide of copper. Cobalt was electrochemically deposited onto the oxide-
etched coupon wafer at a potential of —1.0 V, with a deposition charge of 10 mC/cm?.
The substrate was rotated at 500 rpm to apply convection during the filling process.
Cross-sectional images were obtained using field emission scanning electron
microscopy (FESEM, S-4800, Hitachi) to investigate the trench filling performance.

The comparison of the cobalt film thickness as a function of the rotation speed was
performed on planar Si substrates covered with a PVD Ti/TiN barrier layer and a PVD

cobalt layer. The cobalt film deposition was examined by chronoamperometry on a 1

21



cm? area. The cobalt film thickness was evaluated from the cleaved cross-sections in

the FESEM.
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CHAPTER IlI

Results and Discussion

3.1. Submicron trench filling using benzimidazole

Considering the increase in pH at the electrode surface by proton reduction, a pK,
value slightly larger than the pH value of a typical cobalt deposition solution (pH 2.5—
4.5) is required.”* %> %" %% Therefore, we selected BZI as an additive to match these
properties. Since pK,; of BZI is 5.6 as shown in Table 1.1, it would exist mostly in the
protonated form at a low pH; however, if the pH is increased in the vicinity of the
electrode, the proportion of the neutral form would increase (Fig. 3.1). Ultraviolet (UV)
spectra shows that the BZI molecule changes with pH, as shown in Fig. 3.2. The
difference in the electron distribution between the uncharged benzimidazole and
relevant benzimidazolium ion in acidic medium is responsible for the shifts in the
absorption spectra from 265 nm to 269 nm.” Herein, the change in suppression
behavior of BZI according to the concentration of protons was analyzed and applied to

trench filling.
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Figure 3.1. Structural change of BZI in solution at different pHs.
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Figure 3.2. UV spectra obtained for benzimidazole at pH 2, 5.5, 6.5 and 10 at 25°C.
Cobalt-free electrolyte used for UV absorbance consisted of 0.5 M H;BO; and 1.0 M

Na,SO,. The pH was adjusted with H,SO, and NaOH.
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3.1.1. Filling results of benzimidazole

The influence of BZI on cobalt trench filling was examined by chronoamperometric
electrodeposition. For reference purposes, the cobalt deposition in the absence of BZI
is shown in Figs. 3.3a—3c. It was observed that voids were formed at the center of the
trench, as cobalt was deposited conformally under all potential conditions. When a
potential of —1.0 V was applied in the presence of 100 uM BZI, it can be inferred that
BZI acted as a suppressor because cobalt deposition was suppressed, and only the seed
layer was exposed, as shown in Fig. 3.3d. When potentials of —1.05 and —-1.1 V were
applied, complete void-free filling was obtained. We investigated the reasons for void-

free filling with BZI throughout this study.
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Figure 3.3. Cross sectional SEM images of 180 nm trenches deposited in an
electrolyte consisting of 0.1 M CoSO,-7H,0, 0.5 M H3;BO; and 1.0 M Na,SO, (a-c)

without and (d-f) with 100 uM BZI. Deposition was performed at (a,d) -1.0 V; (b,e) —

1.05 V; (c,f) —1.1 V for 500 mC/cm?. The patterned substrates were rotating at 500 rpm.
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3.1.2. Electrochemical behavior of benzimidazole

The LSV curves obtained on cobalt RDE with different amounts of BZI at pH of 3
and 6 are shown in Fig. 3.4. The potential was swept from OCP to —1.4 V with a sweep
rate of 10 mV/s. First, we investigated the LSV behavior at pH 3 (Fig. 3.4a). When BZI
was absent in the solution, the cathodic deposition current density started at —0.86 V,
whereas hydrogen evolution started to occur at —0.48 V as shown in Fig. 3.5. When
BZI was added up to 50 puM, there was no significant change in current density
behavior. However, when BZI present in the solution was 100 uM, the deposition was
significantly polarized in the low current range. The onset of the cobalt reduction
shifted to —1.08 V. At a potential more negative than —1.08 V, the breakdown of the
suppression layer caused the rapid acceleration of the cobalt deposition rate. Increasing
the concentration of BZI to 200 uM caused a stronger suppression of the cathodic
current density; however, the onset potential for cobalt deposition was not significantly
shifted from that of 100 uM BZI. Therefore, after the suppression layer is formed at a
certain concentration, the onset potential of the cobalt deposition is not significantly

affected by the additive concentration. To determine whether the structural change of

28



BZI according to pH affects the suppression ability, the pH of the solution was
increased from 3 to 6 to make BZI neutral form. Subsequently, LSV experiments were
conducted with different amounts of BZI at a pH of 6, as shown in Fig. 3.4b. There was
no significant change in current density compared to that without BZI, even at 200 uM
BZI. This suggests that BZI does not have a suppression effect in the neutral form,
whereas in the protonated form it has a suppression effect.

In addition to LSV, chronoamperometric transients for cobalt deposition were
conducted on cobalt RDE. The transient currents for cobalt deposition obtained at
different applied potentials are shown in Fig. 3.6a and 3.6b. For values more negative
than —0.9 V, hydrogen evolution and cobalt deposition occurred simultaneously in the
VMS. Therefore, the current density increases as the potential becomes more negative,
as shown in Fig. 3.6a. However, when 100 uM BZI was used, only hydrogen evolution
current was detected over a potential range of 0.9 to -0.95 V (Fig. 3.6b). For
potentials more negative than —1.0 V, the formation of the suppression layer was
significant and consequently the current density increased. In contrast to the case
where BZI was not added, the current density was lower approximately in the range of
3-4 mA/cm?; therefore, there was a suppression effect, but not significant enough to

completely suppress the cobalt deposition.
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In acidic conditions, at a pH of 3, most of the BZI would be in the protonated form.”™
If the pH increases due to the hydrogen evolution reaction on the electrode surface and
protons are insufficiently supplied, the suppression could be weakened due to changes
in the molecular form of BZI. To confirm this, the rotation rate was changed to provide
a difference in convection. Usually, it can be thought that the mobility of protons is
very fast and will not be affected by mass transfer; however, the proton concentration
at the electrode surface is affected by convection, as the current density changes
according to the rotation rate.>®°" To confirm that even though the diffusion coefficient
of proton is very high, the supply of proton is also affected by the convection strength,
the current density changes with rpm was observed in the solution without cobalt
source as shown in Fig. 3.7.

To investigate the effect of convection both on BZI and cobalt electrodeposition, a
potential of —0.95 V was selected and the rotation rate was changed. In case of VMS
(Fig. 3.8a), the current density increased due to an enhanced supply of cobalt
precursors and protons as the rotation rate increased. Alternatively, the addition of BZI
(Fig. 3.8b) shows a significant difference with the VMS. At 400 and 500 rpm, where
the rotation rate is relatively high, the pH is kept low because of the sufficient supply

of protons. It maintains a significant suppression of cobalt deposition, resulting in a
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low current density. However, the cobalt deposition was accelerated from 300 rpm, and
the suppression strengths were clearly weakened at 200 and 100 rpm. As the
convection strength decreases, the proton supply to the electrode surface also decreases,
thereby increasing the pH of the electrode surface; therefore, a portion of BZI is
changed from the protonated to neutral form. This property may account for the
bottom-up filling in the feature. The suppression of cobalt deposition is maintained at
the top, where the pH is kept low due to strong convection. However, at the bottom
where the proton supply is not sufficient due to low convection, BZI turns into the
neutral form, weakening the suppression strength and allowing for the bottom-up

filling.
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Figure 3.4. Linear sweep voltammograms for Co deposition from the electrolyte
consisting of 0.1 M Co0S0O,-7H,0, 0.5 M H3BO; and 1.0 M Na,SO, with the addition
of various BZI concentrations with (@) pH 3 and (b) pH 6. Experimental currents are
converted to current densities using the 0.071 cm® RDE area. The RDE was rotating at

500 rpm. Voltammetry was initiated at OCP with a 10 mV/s rate.
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Figure 3.5. Linear sweep voltammograms with and without cobalt source at pH 3.
Cobalt-free electrolyte consisted of 0.5 M H3;BO; and 1.0 M Na,SO,4, and 0.1 M
Co0S0Q,4-7H,0 was added for the "with Co" case. Experimental currents are converted to

current densities using the 0.071 cm? RDE area. The RDE was rotating at 500 rpm.
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Figure 3.6. Current transients of Co deposition in (2) VMS and (b) VMS + 100 uM
BZI for various potentials at pH 3. Experimental currents are converted to current

densities using the 0.071 cm? RDE area. The RDE was rotating at 500 rpm.

34



o — 100 rpm
g 200 rpm
E -8\ — 300 rpm
— 400 rpm
E p
= -6 — 500 rpm
z
c
o -4
©
e
[
g -2f\
S
=
(@)
0 , ] , ] , ] , ]

0 20 40 60 80 100
Time (s)

Figure 3.7. Current transients from the electrolyte 0.5 M HsBO; and 1.0 M Na,SO,
with different rotation rate at pH 3. Experimental currents are converted to current

densities using the 0.071 cm? RDE area.
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3.1.3. Filling mechanism of benzimidazole

The shape evolution observed during trench filling by sectioning a series of
specimens as a function of deposition charge is shown in Fig. 3.9. The specimens were
electrodeposited at —1.05 VV with 100 uM of BZI, where superconformal filling was
achieved (Fig. 3.3). Initially, growth proceeded conformally in both the absence and
presence of 100 uM BZI. Additional charges lead to the formation of voids in the case
of the VMS with conformal deposition. However, when BZI was added, the gap in the
center of the trench was quickly filled. In cobalt electrodeposition, the current
efficiency decreases as the current density decreases.?® % Therefore, when BZI is added,
both the current density and current efficiency are lower than that of VMS. This means
that when the same charge was applied, since a smaller amount of charge was used for
cobalt deposition, the total amount of deposited cobalt was also small. Nevertheless,
when BZI was used, the trench was filled faster than the VMS case, and demonstrating
that the partial current density applied to the bottom side of the trench was greater than
that at the top. For VMS, the current density was applied equally at the top and bottom,

and the conformal deposition was maintained until void was formed.
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Figure 3.10 shows the proposed scheme for void-free cobalt fill in the presence of
BZI. Even though the trench has the low aspect ratio of 2 as shown in Fig. 3.9, the
difference in convection strength between the top and bottom is significant.”®"
However, cobalt deposition proceeds at almost the same deposition rate regardless of
the location. This means that the pH gradient was not sufficiently generated inside the
trench because of the high diffusion coefficient of proton. However, as deposition
progresses, the aspect ratio of the central space of the trench gradually increases. This
makes the proton supply more retarded and pH gradients develop within the trench. In
order to show that the proton concentration gradient occurs inside the trench, we
referred to a study in which Takahashi calculated the copper ion concentration
according to the depth in the submicron trench.”

A Peclet number can be calculated by a following equation.

1
3 1 3
0.51w2v 2 X7 X 3.6 (K)z X W

Pe = w =0.0237
e DH+

7 is the wafer radius (cm), w is the rotation rate (s™!), and v is the kinematic
viscosity (cm?/s). D+ is the diffusion coefficient of the proton. The Peclet number is
0.0237, even at the trench mouth, so convection is not important and diffusion controls

the mass transport in submicron trenches. In the 1D model, the characteristic length is
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L and the width is w (Fig. 3.11). By using Eq. 3.1 (Eqg. 10 in Ref. 78), the transport
material was replaced from copper ion to proton, and the dimensionless diffusion
parameter &, was calculated.

a%c* _ Zii_OLZ
oy*? CoDpy+wnF

C*=&,C* (3.1)

C* is the proton concentration at y divided by the proton concentration in the bulk
solution. y* is the distance from top divided by L. Boundary conditions are C* =1
at y* =0, and dC*/dy* =0 at y*=1. C; =103 mol L, Dy+ = 9.311 x 10°
cm® s (from CRC Handbook), n =1, F = 96,485 x 103> mC mol™ and i;o = 4
mA/cm?. Exact solution to Eq. 3.1 was derived and given in Eq. 3.2

ed(z_y*)+edy*
C*=———— (3.2)

e2d+1

where d = (§,)/2.

The concentration profile of proton was illustrated using Eq. 3.2 and shown in Fig.
3.12. When the aspect ratio is small, there is almost no difference in proton
concentration at the top and bottom. As the trench sidewall grows out toward the center
line, however, the trench width decreases and aspect ratio increases, eventually leading

to formation of substantial proton concentration gradient. Then, as the proportion of
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neutral BZI increases at the bottom, the suppression effect disappears, which causes a
difference in the deposition rate between the top and bottom. In this way, in the feature
with a low aspect ratio, conformal deposition is initially performed, but a difference in
deposition rate occurs as the aspect ratio changes during the deposition process, and
spontaneous void-free filling is achieved. Furthermore, because the diffusion
coefficient of BZI is lower than that of proton, a concentration gradient would be
naturally formed. Then, the BZI concentration at the bottom is lowered, which gives a

synergetic effect on the bottom-up filling.
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Figure 3.9. Charge evolution of Co feature filling performed at —1.05 V in the (a)
VMS and (b) VMS + 100 uM BZI at pH 3. The patterned substrates were rotating at
500 rpm.
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Figure 3.10. Proposed BZI working mechanism for void-free cobalt fill.
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Figure 3.11. Cross section of a submicron trench.
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3.2. Submicron trench filling using 2-mercaptobenzimidazole

MBI was considered as an additive capable of bottom-up filling. As shown in Table
1.1, the pK, of MBI was far from the pH range of the typical cobalt electrodeposition
solution. Therefore, there was no change in the MBI molecular form according to the
pH range in this study and it was observed by UV spectra as shown in Fig. 3.13. This
means that bottom-up filling is achieved with a mechanism different from that of BZI.
In this study, the bottom-up filling condition using MBI was optimized and the bottom-

up filling mechanism was suggested through electrochemical analysis.
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Figure 3.13. UV spectra obtained for 2-mercaptobenzimidazole at pH 2, 5.5, 6.5 and
10 at 25°C. Cobalt-free electrolyte used for UV absorbance consisted of 0.5 M H3;BO,

and 1.0 M Na,SO,. The pH was adjusted with H,SO, and NaOH.
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3.2.1. Optimization of Co trench filling conditions

Cobalt RDE was subjected to electrochemical analysis to investigate the effect of
MBI on cobalt electrodeposition. The LSV results for the electrolyte with and without
cobalt source in the presence of various concentrations of MBI are shown in Fig. 3.14.
Since the standard reduction potential of protons is more positive than that of cobalt,
the cobalt electrochemical experiment always involves the HER. For this reason, it is
difficult to analyze the effect of additive on the HER and the cobalt deposition reaction
separately. Therefore, we attempted to confirm the effect of MBI on the HER using a
cobalt-free electrolyte as shown in Fig. 3.14a. Based on the results for MBI-free case,
proton reduction was dominant at a relatively positive potential range of —0.4 to —0.8 V,
and the current density increased because of the reduction in the number of water
molecules at a potential more negative than —1.0 V, after passing the proton mass
limiting region of —0.8 to —1.0 V *’. When MBI was added, in the region where the
proton reduction was dominant, the current density was maintained at a level lower
than that under the MBI-free condition, indicating the suppression of proton reduction.

Afterward, the breakdown of suppression occurred from approximately —0.7 V, and the
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current density started to increase and became similar to that under the MBI-free
condition at approximately —0.95 V. In the region where water reduction was dominant,
the current was maintained lower than that under the MBI-free condition, indicating
the suppression of water reduction. Interestingly, with varying the MBI concentration
in the range of 50-200 pM, the difference in current density was not significant. When
the cobalt source was added as shown in Fig. 3.14b, the LSV results also show the
breakdown of the suppression layer in two stages. As reported in a previous study,
cobalt deposition begins from —0.86 V under additive-free conditions.” When MBI is
added, as the concentration of MBI increases, the onset potential of cobalt exhibits a
negative shift. In particular, at 200 uM, the suppression intensity increases rapidly, and
the cobalt deposition onset negatively shifts to —1.16 V. According to the results shown
in Fig. 3.14a and 3.14b, MBI suppressed the HER through overall surface coverage,
not the selective suppression of cobalt deposition.

The influence of MBI on submicron trench cobalt filling was examined. We
attempted to determine the optimal filling condition by varying the concentration of
MBI and the application potential, and the results are shown in Fig. 3.15. For the MBI-
free condition, the cobalt growth proceeded conformally at the same speed at the top

and bottom of the trench in the potential range of —1.0 to —1.15 V. Under the conformal
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growth conditions, voids were eventually formed even though sufficient charge was
applied, as shown in Fig. 3.16. At 50 uM and 100 uM MBI, where the suppression
strength of MBI was relatively low, the difference in the deposition speeds at the top
and bottom was not significant, resulting in a conformal filling. However, the inside of
the trench was filled more than the MBI-free condition even though the same charge
was applied. As shown in Fig. 3.14a, the addition of MBI suppresses the HER and
increases the current efficiency of cobalt deposition, which results in more deposits
inside the trench. When 150 uM was added, the suppression was strong at —1.0 V.
From —1.05 V, the suppression strength began to reduce, and the bottom-up filling was
acheived; however, the top was very rough and the uniformity was poor as nodes were
created. At —1.1 and —1.15 V, the bottom-up filling was achieved, and the uniformity
was good. At 200 uM, cobalt filling did not occur adequately because of the strong
suppression effect. This coincides with the LSV results shown in Fig. 3.14b, showing a
very high suppression intensity when 200 uM is added.

To electrochemically investigate the factors contributing to the difference in the
trench filling, the current density change according to the potential was investigated
through chronoamperometry on cobalt RDE, as shown in Fig. 3.17. When MBI was

added at —1.0 V, the current density was 13 mA/cm? lower than that under MBI-free
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condition, which implies that a strong suppression layer was formed. Contrarily, above
—1.05 V, the current density relative to that of the MBI-free sample decreased to 4-6
mA/cm? as the suppression layer partially broke down. From the results shown in Fig.
3.15, we can infer that the bottom-up filling occurred under the condition of weak
suppression. Notably, it takes time to form the suppression layer. Comparing the initial
current density between the VMS and the VMS+150 uM MBI conditions, a significant
difference can be observed. For the VMS condition, when the potential was applied, a
saturation point was immediately observed with a constant current density. However,
when 150 uM of MBI was added, the potential was applied, and the current density
decreased for approximately 10 s, as indicated by the red line in Fig. 3.17b. After that,
the current profile changed according to the potential. At —1.0 V, the current density
gradually decreased until approximately 50 s and saturated. Conversely, at —1.05 to
—1.15V, a partial breakdown of the suppression layer occurred, and the current density
increased slightly, followed by saturation. In conclusion, the suppression layer can be
formed in two steps depending on the potential, and under optimum conditions, cobalt
deposition can be performed in an environment where only the first suppression layer

is formed.
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Figure 3.14. (a) Linear sweep voltammograms without cobalt source for HER. The
electrolyte consisted of 0.5 M H3BO3; and 1.0 M Na,SO,4 with the addition of various
MBI concentrations at pH 3. (b) Linear sweep voltammograms for Co deposition in the
VMS. Experimental currents are converted to current densities using the 0.071 cm?

RDE area. The RDE was rotating at 500 rpm. Voltammetry was initiated at OCP with a

10 mV/s rate.
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Figure 3.15. Cross sectional SEM images of 180 nm trenches deposited in the VMS
with various MBI concentrations at pH 3. Deposition was performed at (a) —1.0 V, (b)
-1.05V (c) 1.1 V (d) -1.15 V vs Ag/AgCl for 300 mC/cm?. The patterned substrates

were rotating at 500 rpm.
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Figure 3.16. Cross sectional SEM images of 180 nm trenches deposited in the VMS
without MBI at pH 3. Deposition was performed at —1.1 V vs Ag/AgCl for (a) 600 and

(b) 800 mC/cm?. The patterned substrates were rotating at 500 rpm.
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Figure 3.17. Current transients of Co deposition at (a) VMS and (b) VMS+150 uM
MBI under various potentials. Experimental currents are converted to current densities

using the 0.071 cm” RDE area. The RDE was rotating at 500 rpm.
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3.2.2. Effect of convection intensity on suppression strength

Even though the aspect ratio (height/width) of the trench used in this study is 2, the
difference in the convection intensities at the top and bottom of the submicron trench is
noticeable.”” In the trench where convection is applied, the highest convection intensity
is observed at the top, and it diminishes toward the bottom. There are many studies on
the bottom-up filling of copper taking advantage of the fact that this difference in
convection intensity affects the suppression strength of additives.”"® In Fig. 3.18, to
determine the effect of convection on the change in the suppression effect of MBI, we
performed current density comparison between the VMS and VMS+150 uM MBI at
—1.1 V vs. Ag/AgCI. It was defined that the higher the current density difference, the
stronger the suppression. By comparing the suppression strength through the current
density difference, the largest value was observed at 500 rpm. In Fig. 3.18c, the
difference between the steady-state current density values was plotted against the
rotation speed. The steady-state current density was defined as the average value of the
current density 25 second after applying the potential. Under the potential condition in
which bottom-up filling occurred, the higher the rotation speed, the stronger the

suppression, which implied that the MBI had convection-dependent adsorption. One of
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the reasons for this convection dependence might be the influence of the mass transfer
of MBI. As shown in Fig. 3.18b, when the rotation speed was high, the current density
decreased initially and subsequently increased as the partial breakdown occurred.
However, as the rotation speed decreases, the initial current profile became similar to
the VMS result. That is, when the rotation speed is lowered, the supply of MBI was not
sufficient, and the concentration of the MBI near the electrode substrate was
considerably low, therefore, the suppression effect on cobalt deposition reduced.

By simply comparing the current, it is difficult to confirm the combined effects of the
cobalt deposition and the HER suppression strength change according to the
convection intensity. Thus, the difference in the deposition thickness was confirmed by
electroplating the cobalt film on the bare substrate. To reduce the measurement error,
the center of each sample was selected and measured by FE-SEM for 6 points. Fig.
3.19 shows the difference in film thickness according to the rotation speed under the
VMS and VMS+150 uM MBI conditions. When cobalt film electrodeposition was
conducted with the same charge, it was established that the higher the rotation speed,
the higher the thickness under the VMS condition. This is because when the rotation
speed is high, the deposition is performed at a high current density, owing to the effect

of the sufficient mass transfer of Co®* and protons, and the current efficiency increases
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at a high current density, owing to the characteristics of cobalt electrodeposition.?® For
the VMS+150 uM MBI condition, despite exhibiting the highest current density at 500
rpm, the thickness was the lowest, and the thickness increased as the rotation speed
decreased. When the rotation speed was lowered, the mass transfer of MBI was
retarded, and the concentration of MBI at the electrode surface decreased. As can be
observed from the LSV results in Fig. 3.14, the suppression effect of the HER was
maintained even at relatively low MBI concentrations. However, the suppression
strength of cobalt deposition depended on the MBI concentration. In other words, the
suppression of HER was maintained at low concentrations of MBI to maintain a high
current efficiency; however, the cobalt suppression strength rapidly reduced, resulting
in a relatively high deposition rate. Conversely, at 500 rpm, the MBI supply was
sufficient because of the strong convection, and the cobalt film thickness was
decreased by the relatively strong suppression of cobalt deposition to offset the effect
of increasing the current efficiency by suppressing hydrogen evolution. In a patterned
surface, such as a trench, the consumption of MBI would be more concentrated at the
top than at the bottom, and the difference in concentration of MBI would be higher
than that in the planar surface, which was only affected by the rotation speed variance

to afford the mass-transfer difference. When deposition was performed with 50 uM
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MBI and 50 rpm by simulating the bottom conditions, the Co film thickness was much

higher than with 150 uM MBI and 500 rpm which simulating the top conditions as

shown in Fig. 3.20.
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Figure 3.18. Effect of rotation speed on the chronoamperometry for Co deposition at
(@ VMS and (b) VMS+150 uM MBI. (c) Difference between the steady-state current
density as a function of rotation speed. The base electrolyte consists of 0.1 M
C0SQ47H,0, 0.5 M H3BO; and 1.0 M Na,SO, with pH 3. Chronoamperometry was

performed at —1.1 V vs Ag/AgCl. Experimental currents are converted to current

densities using the 0.071 cm? RDE area.
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Figure 3.19. Comparison of Co film thickness as a function of rotation speed at MBI
free and 150 uM MBI. The base electrolyte consists of 0.1 M CoSO47H,0, 0.5 M
H3;BO; and 1.0 M Na,SO, with pH 3. The deposition was performed on the PVD Co
wafer at —1.1 V vs Ag/AgCI for 1.0 C/cm?. The Co film thickness was measured by

FE-SEM after cross section.
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Figure 3.20. Comparison of cobalt film thickness simulating the conditions of top (150
uM MBI, 500 rpm) vs. bottom (50 uM MBI, 50 rpm). The base electrolyte consists of
0.1 M CoSQ,47H,0, 0.5 M H;BO; and 1.0 M Na,SO, with pH 3. The deposition was
performed on the PVD Co wafer at —1.1 V vs Ag/AgCl for 1.0 C/cm?. The cobalt film

thickness was measured by FE-SEM after cross section.
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3.2.3. Filling mechanism of 2-mercaptobenzimidazole

The filling profile according to the applied charge is shown in Fig. 3.21. When the
filling is initiated by applying a potential, the concentrations of all the solution species
including MBI are equal to the base solution composition at the top and bottom of the
trench. Therefore, the cobalt growth proceeds conformally without any difference in
the deposition speed at the top and bottom. This was demonstrated with the image
obtained at 100 mC/cm? where the initial stage of cobalt filling occurred. From 150
mC/cm?, a V-shape profile was formed as the deposition was enhanced at the bottom
corner. The beginning of V-shape profile coincides with the start of steady-state current
in chronoamperometry shown in Fig. 3.22. Deposition speed of the bottom reaches at
steady-state current density between 5 and 7.5 second, earlier than that showed in
planar geometry (Fig. 3.17). As the deposition progresses, the mass transport on the
bottom of the trench is expected to be significantly less than that on the top. The MBI
concentration gradients quickly develop within the trench because of the relatively
slow diffusion of MBI. Therefore, at the top where the concentration of MBI is

sufficient, the suppression of cobalt deposition by MBI is strong. At the bottom where
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the concentration of MBI is relatively low, the suppression of cobalt deposition is low,
while the suppression of HER remains strong, resulting in a high current efficiency. In
conclusion, the proximity to the bottom has a linear relationship with the ease of
deposition. Therefore, the inner V-shape profile was maintained; however, the notch
angle gradually increased as the filling proceeded, enabling the bottom-up filling
profile to become almost flat at the end as shown at 400 mC/cm?. The concentration of

MBI by location and its effect on cobalt deposition are depicted in Fig. 3.23.
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Figure 3.21. The evolution of cobalt feature filling obtained at (a) —1.1 V and (b) -1.15

V in an electrolyte consisting of 0.1 M CoSO,- 7H,0, 0.5 M H3;BO; and 1.0 M

Na,SO, with 150 uM MBI at pH 3. The patterned substrates were rotating at 500 rpm.
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Figure 3.22. The current transients curve during the trench-filling in the VMS with

150 uM of MBI at pH 3. Deposition was performed at —1.1 V vs Ag/AgCl for 400

mC/cm?. The patterned substrates were rotating at 500 rpm.
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Figure 3.23. Proposed MBI working mechanism for void-free cobalt fill under 500

rpm convection system. CE = current efficiency.
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CHAPTER IV

Conclusion

In this study, two types of suppressors, which have relation with the HER were
introduced for cobalt superfilling of submicron trench. At first, benzimidazole (BZI)
whose suppression behavior changes according to the change in pH of the electrode
surface is presented by considering the pH of the cobalt deposition solution and pK,
value of the additive. It was demonstrated that void-free filling can be performed even
in a trench with a low aspect ratio. BZI exists in a protonated form when it is in a
solution with a pH lower than its pK, value and has a cobalt suppression effect.
However, as the pH increased, the proportion of neutral form also increased, and the
suppression effect was weakened, suggesting that it is sensitive to the proton
concentration on the electrode surface. Since the cobalt deposition reaction is
accompanied by hydrogen reduction, the pH of the electrode surface changes when the
proton supply is changed by adjusting the rotation rate. A strong suppression layer is
formed at a rotation rate of 400 rpm or higher, but when the pH of the electrode surface

increases because of the low rotation rate, the suppression effect of BZI is significantly
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reduced. This is applicable to feature filling where the convection strength at the top
and bottom is different due to topographical characteristics. As a result of performing
the actual trench filling, the convection strength difference cannot be induced initially
owing to the low aspect ratio, resulting in conformal deposition. However, as the
deposition progresses, the aspect ratio of the inside trench becomes higher, and
eventually void-free filling is performed. Based on these results, it may be possible to
use other organic additives, which have a pK, value higher than the pH of the
deposition solution, and the suppression behavior changes according to how the
molecular form changes.

In addition, 2-mercaptobenzimidazole (MBI) as a suppressor for submicron trench
filling was also investigated. The addition of MBI to a cobalt electrodeposition
electrolyte suppressed both the cobalt deposition and the HER. The cobalt suppression
effect varied significantly with the MBI concentration, while the HER suppression
effect did not. Superconformal filling of submicron trenches was achieved by cobalt
electrodeposition with 150 uM of MBI at —1.1 and —1.15 V vs. Ag/AgCl. The
formation and behavior of the MBI suppression layer were strongly influenced by the
potential. The MBI suppression layer was formed in approximately 10 s after applying

the potential, and it was divided into two cases: one where a partial breakdown
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occurred, and the other where a relatively strong suppression layer was formed
depending on the potential. Cobalt bottom-up filling was possible in the potential
region where the partial breakdown occurred. In addition, the intensity of the
suppression of MBI for cobalt deposition varied according to convection intensity; this
is attributable to the concentration difference because of the mass transfer of MBI. At
the top where strong convection was maintained, the MBI suppression effect on cobalt
deposition was dominant because of the sufficient supply of MBI. However, the
convection intensity decreased as it entered the trench, resulting in an MBI
concentration gradient. Furthermore, the suppression effect on cobalt deposition was
considerably weak at the bottom, while the effect of increasing the current efficiency
by suppressing the HER was maintained, enabling the bottom-up filling with a V-shape
profile. Through this, we investigated the reason for the occurrence of superconformal
cobalt filling, even with the addition of a single additive that exerts only a suppression
effect.

In fact, cobalt filling is meaningful in patterns below 10 nm. In this study, the
mechanism of action of each additive was revealed using a submicron trench, but it is
based on the diffusion-adsorption—consumption model of additives and protons, so if

the aspect ratio is maintained above a certain level, it will be applicable even if the
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width of the feature is narrowed. It is a subject for future study to perform cobalt filling

using additives in a 10 nm scale trench.
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