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Abstract

Copper (Cu) electrodeposition is a commonly utilized technology for the
metallization in printed circuit boards and integrated circuits in the electronics industry.
For the high responsibility of metallization, bottom—up filling is achieved by using
various additives. Levelers play a role in bottom—up filling of microvia among the
additives, which is necessary to develop for better filling performance. It is necessary
to modify the structure of levelers for enhancing the inhibition effect, but studies on the
inhibition behavior of leveler according to structures are still insufficient. In this study,
the interaction between bromide ions and accelerator and modifying the structures,
such as terminal functional groups and quaternary ammonium groups, on triethylene
glycol (TEG)—based levelers are examined to improve the inhibition strength.

First study investigates the effect of bromide ions on the adsorption of polymeric
suppressor and accelerator. Although bromide ions are used as the counter ions, they
can be applied as the inorganic additive. Bromide ions indicate the inhibition effect and
stabilize the inhibition layer of suppressor on the Cu surface. The competitive
adsorption with the accelerator is dependent on the concentration of accelerator and
bromide ions and the forced convections. In the range of concentration ratio (0.2 <

[SPS)/[Br7] < 0.7), microvias can form bottom-up filling by depositing Cu at the



corner of bottom in microvias and inhibiting the top surface of microvias. The
conformal filling is achieved if the concentration ratio is out of that range.

Bromide ions are chosen as the counter ions in TEG—based levelers because of the
inhibition effect produced by the interaction with additives. Levelers are necessary to
modify the structure for compensating the insufficient inhibition because the
displacement of I~ to Br~ reduces the inhibition effect of levelers. To enhance the
inhibition property of levelers, TEG—based levelers varying the terminal functional
groups (allyl, propyl, benzyl, and naphthylmethyl) are synthesized. Among the
synthesized levelers, the leveler composed of naphthylmethyl groups indicates the
strongest inhibition effect and no deactivation by accelerator. In microvia filling, filling
ratio reaches 100% within 50 min and the top thickness of microvia is 15 um by using
three—additives containing the leveler. As a results, naphthylmethyl groups are
advantageous for enhancing the inhibition strength of leveler.

In addition, quaternary ammonium groups can be related to the adsorption of
levelers because of their positive charge. We also investigate the inhibition effect of
levelers according to the number of quaternary ammonium groups. The leveler
containing three—ammonium groups induces the strongest inhibition effect among the

synthesized levelers in this study. And it shows that the interaction between the leveler

ii



and accelerator make the synergistic inhibition by the competitive adsorption. In
specific concentrations of additives, bottom—up filling is formed by using the leveler
with three—ammonium groups, which also can be achieved by enhancing the current
density from 15 to 30 mA/cm? in the accelerator and leveler composition.
Astonishingly, the Cu deposition time is reduced from 60 to 30 min.

These studies can be helpful for analyzing and suggesting new levelers in the Cu

electrodeposition industry.

Keywords: Microvia, Cu, electrodeposition, leveler, bromide ion, terminal

functional groups, quaternary ammonium groups, bottom—up filling

Student number: 2015-21076
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CHAPTERI

Introduction

1.1. Cu interconnects in electronic devices

Newly developed semiconductor devices should include various copper (Cu)
interconnects which carry current or transport charge. In 1960, aluminum (Al) or
Al+silicon (Si)+Cu alloy as the beginning material applied to interconnecting lines.'?
However, Al interconnects induce higher resistivity and electron migration in the
shrinking circuit dimensions.® Cu interconnects were firstly utilized in the integrated
circuits (ICs) by IBM in 1997.* Cu interconnects present faster operating speed
compared to Al interconnects because of lower resistivity (Cu: 1.67 pQ-cm, Al: 2.66
uQ-cm).® Damascene technology is introduced to fabricate Cu interconnects. Its process
requires patterning of deposited dielectric material, formation of seed and barrier layer,
Cu electrodeposition, and chemical mechanical planarization process. The
semiconductor industry requires smaller feature size, lower power consumption, and
higher circuit density for high performance devices. As a results, multi-layered

interconnects are developed by repeating the fabrication of Cu interconnects and
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introduced by logic device industries as shown in Fig. 1.1.® Microvia or through holes
(THs) have a role as the interconnection between conducting layers in printed circuit
boards (PCBs).””® The packing substrates of IC chips in Fig. 1.21° and the motherboard
of electronic devices require a high density interconnection (HDI) to improve the
electrical connection and shrinkage effect. Therefore, interconnects can also be
fabricated by laser drilling process to shrink the size of features to be 50 ~ 125 um.™ The
semiconductor device technology keep up the extreme scaling to enhance the chip
performance. However, International Roadmap for Devices and Systems (IRDS)
suggested that the limitation of scaling on chip would encounter by its scale.!?
Accordingly, 3D packaging technology such as wire bonding and through—silicon vias
(TSVs) has been studied to overcome the scaling problem, as shown in Fig. 1.3.1® Lower
energy consumption, better electrical performance and higher density resulted from the
shortest vertical interconnection of TSVs because the wire bonding has a space limitation

to the miniaturization of chip size.!*®



(a) A11 Bionic a W | (b) Exynosssos

Figure 1.1. Cross—sectional images of (a) A1l Bionic and (b) Exynos8895 with 10 nm

node. (Ref. 6)



Figure 1.2. Microvias of Apple’s 10-layer on iPhone 4 logic PCB board. (Ref. 10)
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Figure 1.3. 3D packaging technologies by (a) wire bonding and (b) TSVs. (Ref. 13)



1.2. Filling of microvia by Cu electrodeposition

Cu electrodeposition is a process to reduce Cu ions in the electrolyte on the electrode
by electrons, as shown in Fig. 1.4. Cu seed layers are required for making the conductive
substrate as the working electrode in the electrochemical process. Cu ions reach the
electrode surface through mass transfer. The reduction of Cu ions occurs by two charge
transfer steps in Cu electrodeposition. The reaction from cupric ions (Cu?*) to cuprous
ions (Cu") determines the growth rate of Cu as the rate determining step. And then Cu is
deposited by faster reduction of Cu* than the above reaction.'® Cu oxidation reaction or
dissolution is simultaneously observed at the counter electrode during the
electrodeposition process. The electrolyte is commonly composed of Cu compound for
providing Cu ions and supporting electrolyte that reduces the solution resistance.

Cu celectrodeposition is a key technology for fabricating high conductive Cu
interconnections for electronics, including semiconductor devices and PCBs. The
interconnects, such as damascene interconnects with a width of hundreds or tens of
nanometers,!”!® TSVs with a diameter of 5 um and a depth of 50 um,'31%2

microvias,???® and THs? are filled by Cu electrodeposition. The defects, such as the

seams or voids, inside the features should be avoided to assure the reliability and better



electrical performance when the features are filled by Cu electrodeposition. As a results,
filling profiles are classified into three structures as shown in Fig. 1.5. Subconformal
deposition is the structure when the entrance of microvias is blocked by Cu deposited at
the edge. Cu ions are preferentially consumed for the deposition near the entrance of
microvias due to high current density at the edge. The mass flow of Cu ions is obstructed
by the growth of Cu on the edge of entrance. As a results, voids are formed at the bottom
of microvias. The same deposition rate on all surface of microvias results in conformal
deposition with the seam. After the annealing process, the defects in subconformal or
conformal deposition of microvias enlarge by the repetitive operation of devices.?>?
Therefore, void—free filling is definitely required for the reliability and higher electrical
performance. Superconformal deposition, or so—called superfilling and bottom—up
filling, is caused by more rapid deposition rate at the bottom of microvia and trench,
which induce bottom—up growth of Cu.2”?° In order to achieve this bottom—up filling,

the synergistic effect of additives is essential to Cu electrodeposition in microvia filling

process.
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1.3. Additives for bottom—up filling

In general, organic additives applied in Cu electrodeposition induce bottom—up filling
by affecting the deposition rate. The additives are categorized into two types on the basis
of the effect on deposition rate: accelerator and suppressor which enhances and inhibits
the deposition rate of Cu, respectively. The representative accelerators and suppressors
used in Cu electrodeposition are enumerated in Fig. 1.6.

The accelerators are usually composed of 3-mercapto—1—propanesulfonic acid
sodium salt (MPSA), bis(3—sulfopropyl) disulfide disodium salt (SPS), and 3-N, N—
dimethylaminodithiocarbamoy—1—propanesulfonic acid (DPS).83%* Mercapto groups
(-SH) and disulfide bond (—S—S—) contained in the accelerators make the acceleration
by the following interconversion mechanism.3#% The generated Cu” by
comproportionation reaction and intermediate of Cu reduction reduces SPS to thiolate™
that is followed by the reformation of disulfide bond (SPS) accompanying the reduction
of Cu?* to Cu'—thiolate™. Cu-thiolate is reduced to Cu during the electrodeposition. For
this reason, the consecutive reaction containing the interconversion between SPS and

MPS induces the acceleration of Cu reduction.

The suppressors are typically polyether molecule such as polyethylene glycol (PEG),

10



polypropylene glycol (PPG), and their block copolymers (PEG—PPG and PPG-PEG-
PPG), which are adsorbed on Cu surface to constitute inhibition layers and induce the
over potential to inhibit Cu deposition.®® Chloride ions (CI") are complexed with the
suppressor on the Cu surface that is covered by the form of PEG-Cu™—Cl1~3~*° or PEG—
CI %942, The adsorbed inhibition layers directly control the approach of Cu?* on the Cu
surface, thereby decreasing the charge transfer rate of Cu deposition.

The interaction between the accelerator and the suppressor has a key role to explain
bottom—up filling mechanism in Damascene process. The accelerator and the suppressor
are both adsorbed on the Cu surface within a very short filling time, enabling the
accumulation of accelerators by area reduction at the bottom corner of the features,
which results in bottom—up Cu filling, as theoretically described in the curvature
enhanced accelerator coverage (CEAC) model in Fig.1.7.%* The filling process is

completed within minutes owing to the small feature sizes.?®

11
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Figure 1.6. Representative accelerator and suppressor for Cu electrodeposition.



® : Accelerator ~/\A ! Suppressor

Figure 1.7. Schematic diagram of Cu bottom—up filling with CEAC model.
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1.4. Leveler and its structural characteristic

Micro—scale features including microvias, THs, and TSVs need a longer
electrodeposition time to achieve the complete Cu filling because of their larger feature
sizes.*”*® In these cases, the accelerators could cover the entire Cu surface after
displacing most of the co—adsorbed suppressors, whereby accelerator accumulation at
the bottom of the features would be impossible. Therefore, the leveler is introduced into
the combination of accelerator and polymeric suppressor.*®4° The leveler also decreases
the deposition rate of Cu and promotes the development of a homogeneous surface

%031 The adsorption and

through convection—dependent adsorption (CDA) behavior.
inhibition functions of the leveler become more severe when the forced convection of
the electrolyte becomes more vigorous. Generally, the electrolyte in the vicinity of the
bottom of microvias is quiescent compared to that at the top of microvias, and thus CDA
enhances the deposition rate at the bottom, as shown in Fig. 1.8.%° If the leveling effect
appears correctly, the bottom is deposited thicker as shown in Fig. 1.8 (a) while the

plating process with the same thickness, as Fig. 1.8 (b), is performed without the leveling

effect.
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Leveler is important to achieve bottom—up filling of microvias based on CDA
behavior as mentioned above. In early study, Janus Green B (JGB) is a widely used
leveler that contain one quaternary ammonium cation group and CI". Fig. 1.9 indicates
the comparison of filling performance and potential profiles by JGB and benzotriazole
(BTA).*® JGB preferentially adsorbs on the protrusion of Cu to suppress the deposition
rate of Cu because of the selective adsorption of the quaternary ammonium group.®? The
addition of JGB results in the mirror—like surface of Cu deposition. BTA shows the
conformal filling because it could not form the inhibition difference like JGB. In Fig.
1.10, dye—type levelers having a similar filling performance to JGB are also studied,
including Diazine Black, Alcian Blue, and Safranin T.???%27%° The quaternary
ammonium groups of levelers are adsorbed on the protrusion of Cu surface and inhibit
the reduction of Cu?** during Cu electrodeposition. However, the addition of JGB into
Cu electrolyte causes the instability of Cu plating solution.?*% The quaternary
ammonium groups positively ionized in Cu electrolyte reach to Cu surface by
electrostatic interaction and adsorb on Cu surface to inhibit the reduction of Cu. For the
reason, these functional groups have been proved as the effective leveling agent.

Based on the results of JGB, the molecular structure of levelers containing quaternary

ammonium groups has an influence on Cu electrodeposition. Many researchers have

15



developed new levelers to enhance the inhibition effect and filling performance. In
particular, the inhibition effect of levelers can be varied by modifying the structure of
levelers, such as the functional groups,?”** side chain length,%®*® aromatic rings,***
and counter ions.?#%1%2 Studying the structure—property relationship of additives could

assist in understanding the inhibition mechanism of levelers for achieving bottom—up

filling and designing the new levelers.
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Figure 1.8. Cross—sectional SEM images showing the leveling performance of Cu

electrolyte with SPS and JGB. (Ref. 50)
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Figure 1.9. Microvia filling performance and potential profiles with the injection orders

of additives: (a) JGB and (b) BTA. (Ref. 48)
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< Leveler >
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Figure 1.10. Representative dye—type levelers for Cu electrodeposition.
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1.5. Purpose of this study

In this study, newly synthesized triethylene glycol (TEG)-based levelers are examined
to develop levelers showing the effective inhibition effect for bottom—up filling of
microvia. Although TEG-based leveler with iodide ion (I") shows the strongest
inhibition in a previous report, the faradaic efficiency of I" is lower than that of Br—
because the formation of Cul induce the charge loss by the electrochemical reaction. For
the above reasons, Br is attracting the attention as the alternative ion. Before the
application as the counter ion of TEG-based levelers, the interactive effects between Br-
and additives were studied. Br showed the synergistic inhibition with the suppressor and
resulted in bottom—up filling without any organic levelers in the optimum range of
concentration ratio between Br-and SPS.

Based on the results, Br- was selected as the counter ion in all synthesized levelers for
microvia filling. In order to compensate the weakened inhibition effect by Br-, we
investigated whether structural modification of TEG-based levelers enhanced the
inhibition effect. First, the effect of terminal functional groups (allyl, propyl, benzyl, and
naphthylmethyl) in TEG-based levelers were examined. It was confirmed that the

inhibition effect of levelers with aromatic ring groups became stronger, and the degree
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of deactivation by SPS was found to be different. Second, TEG-based levelers according

to the number of ammonium groups also were examined to enhance the inhibition effect.

The adsorption strength of levelers with many ammonium groups was stronger, and they

showed an additional inhibition effect through the interaction with SPS. As a results,

bottom—up filling of microvias was obtained by using the structurally improved synthetic

levelers, indicating the lower top thickness and the higher speed filling.
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CHAPTER 11

Experimental

2.1. Electrochemical analyses

The standard Cu electrolyte consisted of 0.92 M CuSO4-5H,0 (99% purity, SEO AN
CHEM TEC), 0.43 M H2S04 (95% purity, DAEJUNG), and 0.82 mM HCI (35% purity,
DAEJUNG). All experiments, such as electrochemical analyses and microvia filling,
used the standard Cu electrolyte.

Linear sweep voltammetry (LSV) and chronopotentiometry were conducted using a
potentiostat (PAR 263, EG&G Princeton Applied Research Corp.). A three—electrode
system consisting of a Cu rotating disk electrode (RDE, geometric area = 0.07 cm?) as
the working electrode, a Cu wire as the counter electrode, and KCl-saturated Ag/AgCl
as the reference electrode was used for the electrochemical analyses, as shown in Fig.
2.1. Before each measurement, the Cu RDE was mechanically polished using a
sandpaper (2000 grit) to obtain a smooth and reproducible Cu surface and washed with
deionized water to achieve same initial conditions. The rotating speed of the Cu RDE

was controlled to 100 and 1000 rpm to replicate the convective motion of the electrolyte
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at the bottom and top of the microvias, respectively. LSV was performed by sweeping
the potential from 150 to —350 mV (vs. Ag/AgCl) at a scan rate of 1 or 10 mV/s. Tafel
plots were obtained from LSV curves scanning at a scan rate of 1 mV/s. EIS analyses in
Section 3.2 were performed with a PAR 2273 (EG&G Princeton Applied Research
Corporation) in the range of 100 kHz to 15 Hz and the amplitude at 5 mV.
Chronopotentiometry was performed at a current density of 15 mA/cm? over the course
of 60 min. In Section 3.3, the current density increased to 30 mA/cm? to investigate the

effect of additives in high current density condition.
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2.2. Microvia filling

Microvia filling experiments were carried out on PCB (2.1 cm X 2.2 cm) substrate
supplied by Samsung Electro-Mechanics Co. Ltd. The dimensions of microvias were
130 and 100 um in width at the top and bottom, and 100 um in depth. The distance
between each vias (1750 per substrate) was about 300 um. The de—smear process
eliminated the laminate fragments and improved the adhesion of the Cu seed layer which
uniformly covered the PCB substrate. Fig. 2.2 showed the microvia filling cell with the
circulation and nozzle system. The electrolyte in a polypropylene bath was ejected onto
the PCB substrate through nozzles for via filling. The temperature of the Cu plating
solution was maintained by the external cooling system at 25 °C. The PCB substrate and
IrO,/Ti plate covered by a proton—conducting membrane were used as the cathode and
anode, respectively. Microvia filling was commonly performed at 15 mA/cm? for 60 min
or 30 mA/cm? for 30 min in the Cu plating solution containing additives. The
electrodeposition time was changed to confirm the filling mechanism according to the
additive compositions. After the filling process, samples were embedded in an acrylic
resin, and then mechanically ground using silicon carbide abrasive disks (P240, P600,

P1200, and P4000 in sequence) and polycrystalline diamond suspension (average
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diameter = 1 pum). The cross—sectional images of microvias were observed with an

optical microscope (ICS-306B, SOMETECH). On average, 30 microvias/substrate were

examined to check the filling profile of the Cu deposited in the microvia.
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2.3. Additives for microvia filling

SPS was adopted as the accelerator in all experiments. The concentrations of SPS were
varied from 3 to 60 pM. PEG (average molecular weight = 1500) and PPG-PEG-PPG
(average molecular weight = 2000) were used as the suppressor. The concentration of
suppressors was fixed at 100 uM. NH4Br was applied as the Br~ source in Section 3.1.
In order to confirm the effective concentration range, the concentration of Br~ was
changed from 50 to 400 pM.

In Section 3.2 and 3.3, TEG-based levelers were synthesized by Yoonjae Lee in prof.
Young Gyu Kim’s group. The detailed synthetic procedures and molecule analyses were
explained in Appendix II and III. The synthesized levelers were devised considering
three structural components as shown in Fig. 2.3. First, the quaternary ammonium groups
with halide counter ions were selected. The positive charge of ammonium groups

53,56,59 which are

impeded the reduction of copper ions adsorbing on the Cu surface,
considered to be beginning of convection—dependent adsorption behavior. Second, the
ethylene glycol unit, which is the monomer unit of most generally utilized suppressor,

PEG, was adopted. The ethylene glycol unit was expected to enhance the adsorption

intensity of levelers compared to those without this unit. Third, hydroxyl groups were
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positioned on both sides of the carbon chain. The electron rich oxygen of hydroxyl group
was expected to participate in the formation of inhibition layer of hydroxyl-Cu—Cl
complexes.

TEG-based levelers varying the terminal functional groups were synthesized through
the synthetic scheme in Fig. 2.4. They have different terminal functional groups: ally
groups (Lev 1), propyl groups (Lev 2), benzyl groups (Lev 3), and naphthylmethyl
groups (Lev 4). And TEG—based levelers according to the number of quaternary
ammonium groups were also synthesized through the synthetic scheme in Fig. 2.5. The
synthesized levelers were named according to the number of quaternary ammonium
groups: Lev A—1 (one ammonium groups in Fig. 2.5. (a)), Lev A-2 (two ammonium
groups such as Lev 1 in Fig. 2.4), and Lev A-3 (three ammonium groups in Fig. 2.5. (b)).

All synthesized levelers were used in the fixed concentration of 7 pM.
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CHAPTER 111

Results and Discussion

3.1. Bromide ions as the additive in microvia filling

Halide ions such as I" and Br~ have been reported as additives for TSV filling.285161.62
Unlike CI7, I and Br~ form immobilized Cu-I and Cu-Br species by chemisorption,564
which are stable enough (a lower solubility of Cu—I and Cu-Br compared to Cu—Cl
complex) to interrupt the charge transfer process on the Cu surface. It was also reported
that the bottom—up filling rate with Br~ is higher than that achieved with I", even though
Br~ suppresses Cu deposition less effectively than 1".%° High—speed TSV filling can be
achieved by using Br~ for Cu electrodeposition with high current efficiency (~88%),
instead of I (~31%).%° As a results, Br~ is suitable to via filling as an additive instead of
I". For the reasons, the additional studies are necessary to confirm how Br™ interact with
accelerator and suppressor and how the competitive adsorption between additives and

Br affects the Cu filling performance in microvia.
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3.1.1. Electrochemical behaviors of bromide ions and interaction

with SPS.

LSV was first performed to investigate the interaction between PEG and Br~ at two
electrode rotating speeds in Fig. 3.1. Two rotating speeds were used to facilitate
comparison of the results of the electrochemical analyses with the microvia filling
performance analysis because the electrode rotating speeds of 100 and 1000 rpm
replicate the fluidic motions at the bottom and top of the microvias, respectively.?**® Fig.
3.1 (a) shows that the adsorption of Br~ inhibited Cu electrodeposition. The onset
potential for Cu ion reduction was confirmed as 110 mV (vs. Ag/AgCl) in the existence
of CI-, and it was negatively shifted to -55 mV when Br~ was added. However, the
inhibitory effect of Br- was much weaker than that of PEG+CI- because PEG and CI~
formed a suppression layer of PEG—Cu™CI~ or PEG-CI". Interestingly, when Br- was
present with PEG, the suppression effect was improved relative to that achieved with
PEG+CI~ or Br individually, which agrees with previous studies reporting the
enhancement of suppression by adding Br- to PEG.%®%” The onset potential for the
PEG+Br system was approximately —255 mV, compared to —130 mV for PEG+CI~. This

result suggests that the adsorbed Br~ and PEG interacted with each other. A previous
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study using Raman spectroscopy indicated that Cl- adsorbed on the surface of Cu binds
with Cu* produced by Cu ion reduction (i.e., Cu?* + e = Cu*), and the dangling Cu*
ions were covered by interaction with two oxygen atoms of the PEG molecules.®” The
Brions are also able to coordinate with Cu* ©; therefore, it is possible that the Br-ions
form suppression layers with PEG in the same manner as the CI~ ions. Because Br~ions
were immobilized on the Cu surface by the stronger adsorption compared to CI-, the
inhibitory effect of PEG with Br~ was stronger than that of PEG—CI-, as shown in Fig.
3.1 (a). The suppression effect followed the same trend when the electrode rotating speed
was increased to 1000 rpm (Fig. 3.1 (b)). Although it is necessary to clarify the
adsorption structure of PEG and Br- by other analytical tools including surface—
enhanced infrared absorption spectroscopy (SEIRAS), ¢ raman spectroscopy,®” and
secondary—ion mass spectrometry (SIMS),” these electrochemical results indicate that a
combination of PEG and Br~ induced the strongest suppression._Note that forced
convection did not increase the suppression effect of PEG-Br~ (Figs. 3.1 (a) and 3.1 (b)),
meaning that the Cu surface was fully covered by the PEG-Br- suppression layer,
regardless of the electrode rotation speeds. Considering this phenomenon, it is expected

that the combination of PEG and Br~ without accelerators could not induce Cu bottom—
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up filling at the microvias because this combination will deactivate all Cu surfaces
regardless of the positions in the microvias.

We further investigated the interaction between PEG-Brand SPS by LSV (Fig. 3.2)
and chronopotentiometry (Fig. 3.3). Fig. 3.2 shows the voltammograms with varying
SPS concentrations at a fixed concentration of PEG and Br-. At the electrode rotating
speed of 100 rpm (Fig. 3.2 (a)), the addition of SPS to PEG-Br clearly resulted in
depolarization and increased the current density for Cu electrodeposition. In particular,
the current density increased from —8.7 to —~96 mA/cm? (Fig. 3.2 (a)) at —200 mV when
the SPS concentration increased from 0 to 48 pM. However, at an electrode rotating
speed of 1000 rpm (Fig. 3.2 (b)), SPS addition did not cause a remarkable increase in
the current density. At an electrode potential of 200 mV, the current density increased
by only —24.4 mA/cm? after adding 48 uM SPS. These results suggest that the effect of
SPS on PEG-Br~ depends on the fluidic motions near the Cu surface, and the strong
forced convection inhibited detachment of the PEG-Br~ suppression layer by SPS. These
results are primarily attributed to the changes in the flux of Br~ to the Cu surface under
convection. The increase in the suppression with the Br- flux was also observed in the
additional LSV with varying a scan rate (not shown here). In the presence of PEG-Br~

and SPS, the stronger suppression was observed at a lower scan rate because a lower
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scan rate provides a longer time for the Br~ to reach the Cu surface. A previous study
indicated that the CI- flux to the Cu surface determines the extent of surface coverage
achieved with the PEG-CI- layer relative to that covered by SPS %. Forced convection
increased the CI- flux, which reinforced the formation of PEG-Cu*-Cl- layers,
eventually leading to a decrease in the SPS surface coverage. Because the Br-
concentrations examined in this study were extremely low compared to the concentration
of CI~ in conventional electrolytes for Cu electrodeposition, the effect of Br~ flux (i.e.,
forced convection) on controlling the surface coverage of the suppression layer and
accelerator would become more significant.

Fig. 3.3 shows the time—dependent competitive adsorption of Br- and SPS with
varying electrode rotation speeds and concentrations of SPS and Br~. In general, at a
fixed current density of 15 mA/cm?, the electrode potentials shifted in the positive
direction. This positive shift was caused by displacement of the adsorbed PEG-Br- by
SPS, similar to the displacement of pre—adsorbed PEG-CI- by SPS.™ Figs. 3.3 (a) and
3.3 (b) show the change in the electrode potential with increasing concentration of Br-
at the electrode rotating speeds of 100 and 1000 rpm, respectively. When weaker forced
convection was applied, the electrode potential was positively shifted at all Br-

concentrations. It was also verified that the displacement of SPS was facilitated at a
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lower concentration of Br-, observed as a relatively quicker increase in the electrode
potential. In contrast, at 1000 rpm, the electrode potentials remained the same for 60 min,
except in the case with the lowest Br~ concentration (50 uM). The constant potential
maintained for 60 min suggests that SPS could not displace the adsorbed PEG-Br-
suppression layers. Adsorption of SPS with detachment of the PEG-Br- suppression
layers could take place when the Br- concentration was lower than 50 uM. Comparison
of the results obtained at the two electrode rotating speeds highlights that strong forced
convection enhanced the adsorption of PEG-Br-, preventing the adsorption of SPS.
Similar behavior was observed in Figs. 3.3 (c) and 3.3 (d), which shows the
chronopotentiometry data with increasing concentrations of SPS. Fig. 3.3 (¢) shows that
the addition of more SPS facilitated the displacement of the PEG—Br- suppression layer.
The incubation time preceding the positive shift in the electrode potential became shorter
with increasing SPS concentration. At the SPS concentration of 48 uM, the potential
shift was completed in 10 min, while it was continued for 50 min at the SPS
concentration of 12 uM. However, when stronger convection was applied (Fig. 3.3 (d)),
the displacement of SPS declined significantly, observed as a slower shift of the

electrode potential regardless of SPS concentrations. As explained above, this
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phenomenon resulted from the enhanced adsorption of the PEG-Br~ suppression layers
as the forced convection increased the flux of Br- to the Cu surface.

Interestingly, the oscillation of electrode potential was observed in Figs. 3.3 (a) and
3.3 (c). Previous studies suggested that the potential oscillation during a
chronopotentiometry was caused by a repetitive change in the surface coverage of
organic additives,”>"2 the breakdown and reconstruction of additive layers,” and the
alternative formation and dissolution of an organic leveler—Cu*—MPS suppressor
ensemble.” Besides, it was reported that the oscillatory behavior was observed in the
presence of accelerators and organic levelers without polymeric suppressors, and also
affected by the concentration of CI- ions.”™ In this study, the potential oscillation was
observed at a lower electrode rotating speed of 100 rpm, suggesting that the oscillation
was caused under a lower flux of Br~ions. The oscillation occurred after the potential
shift was completed, meaning that the oscillation took place when the Cu surface was
mostly covered by SPS. Although it is difficult to conclude the mechanism of the
potential oscillation observed in Figs. 3.3 (a) and 3.3 (c), the results suggested that the
potential oscillation might be due to a repetitive process of the breakdown of SPS adlayer
by Br-ions and re—adsorption of SPS on the Cu surface. Although it was reported that

this oscillation behavior of electrode potentials caused the change in the grain size and
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microstructure of Cu deposits,’" further research is necessary to clarify how this

behavior affects gap—filling performance.

Figs. 3.2 and 3.3 indicate that the competitive adsorption between SPS and PEG—
Br- depended on the concentrations of SPS and Br~ and the forced convection. An
increase in the Br~ (or SPS) concentration interrupted (or facilitated) the displacement of
the PEG-Br~ layers with SPS. Forced convection enhanced the formation of PEG-Br-
suppression layers, which effectively inhibited the adsorption of SPS. With regard to
microvia filling, these results suggest that the SPS to Br~ concentration ratio should be
carefully determined to maximize the bottom-up filling performance. Therefore,
microvia filling was performed by varying the concentration of SPS and Br- to
investigate how the competitive adsorption between SPS and PEG-Br- affects the

bottom—up filling of Cu in microvias.
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Figure 3.1. LSV plots for the reduction of copper ions with various combinations of
additives at the rotating speed of (a) 100 and (b) 1000 rpm. The concentrations of PEG

and halide ions (CI and Br) were 100 and 820 uM, respectively.
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3.1.2. Microvia filling varying the concentration of Br- and SPS

The cross—sectional profiles of Cu filling with varying concentrations of SPS and Br-
are shown in Fig. 3.4. As expected, the SPS to Br~ concentration ratio had a significant
impact on the filling performance. When the concentration of SPS was relatively high
(upper—right corner in Fig. 3.4) or the concentration of Br- was relatively high (lower—
left corner in Fig. 3.4), V-shaped filling profiles were observed, indicating negligible
bottom—up characteristics. The green—dotted box indicates the conditions for obtaining
defect—free filling without dimples. Note that a dimple is defined as a concave profile at
the top of the microvias, having a depth exceeding 5 um.?” The conditions in the first
column and the first row were the same as those adopted for chronopotentiometry in
Figs. 3.3 (a) and 3.3 (c), respectively. Considering both the electrochemical results and
filling profiles, it can be concluded that to achieve dimple—free Cu filling, at 100 rpm,
SPS displacement (i.e., activation for Cu electrodeposition inside the microvias) should
be completed in 20 min, and at 1000 rpm, the strong passivation layer (i.e., PEG-Br-
suppression layers at the top surface of PCBs) should be maintained for at least 20 min.

Using 100 uM Br~ and 12 uM SPS, one of these criterion was not met.
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The filling performance of microvias was quantitatively analyzed by assessing the
ratio of the Cu thickness at the top surface and that at the bottom of the microvias, that
is, the thickness ratio (%) = Toottom/ Ttop X 100. Fig. 3.5 (a) presents the changes in the
thickness ratio according to the concentrations of Br~ and SPS. Similar to the green—
dotted box in Fig. 3.4, the thickness ratio was higher in the diagonal direction, suggesting
that the concentration ratio between the two additives determines the bottom-up filling
characteristics. The importance of the concentration ratio is further highlighted in Fig.
3.5 (b), which shows the volcano shape of the bottom-up filling performance plot. It is
clear that bottom-up filling (i.e., a thickness ratio > 275%) can be achieved at
concentration ratios ranging from 0.2 to 0.7. It can be hypothesized that within this
concentration ratio range, the PEG-Br suppression layers effectively passivated the top
surface of the PCB substrates, while SPS selectively promoted Cu electrodeposition
inside the microvias. To verify this hypothesis, the cross—sectional profiles at different
filling stages were investigated for three representative cases: excess SPS (Fig. 3.6 (a)),
excess Br~ (Fig. 3.6 (b)), and optimum SPS and Br~ (Fig. 3.6 (c)).

As shown in Fig. 3.6 (a), when excess SPS was introduced, Cu electrodeposition was
initially concentrated at the bottom corners of the microvias, marked with a white arrow,

forming softly curved profiles. This profile was mainly influenced by the accumulation
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of SPS due to area reduction at the bottom corners of the microvias, as described in the
CEAC model.**® However, at the same time, Cu was vigorously electrodeposited
outside the microvias, impeding the bottom—up Cu filling. In contrast, when the Br-
concentration was relatively high, sharp deposition profiles appeared at the bottom
corners of the microvias (white arrow in Fig. 3.6 (b)). This profile, resulting from
conformal deposition, suggests that SPS cannot induce selective acceleration of Cu
deposition because the strong suppression layer formed with PEG was maintained by the
excess Br-and could not be displaced by SPS. Conformal deposition continued for 1 h,
supporting that the surface coverage of SPS and PEG-Br~ did not change at all positions
of the via during Cu electrodeposition. Fig. 3.6 (c) shows the filling profiles with the
optimum concentration ratio of SPS and Br—. The white arrow in Fig. 3.6 (c) highlights
the smooth curved profile resulting from the accumulated SPS due to area reduction. By
comparing the profiles at 60 min, it was confirmed that less Cu was deposited at the top
corners compared to the cases with excess SPS or Br~. These results indicate that Cu
electrodeposition started at the bottom corners and then filled the microvias, effectively
inhibiting Cu deposition at the top surface, as hypothesized above.

In summary, the effect of Br-on the adsorption of PEG and SPS was investigated by

electrochemical analyses and microvia filling. The addition of Br~in the electrolyte
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containing PEG remarkably improved the inhibition effect for Cu deposition, suggesting
that Br-stabilized the inhibition layer of PEG on the Cu surface. This inhibition layer
composed of PEG and Brretarded the adsorption of SPS. The concentration of Br-and
SPS, and the forced convection affected the competitive adsorption between the
inhibition layer of PEG-Br and SPS. As a results, we could know that the optimum
concentration ratio should be applied for Cu bottom-up filling of microvias. In the
presence of excess Br- (or SPS), PEG-Br~ layers (or SPS) dominantly covered all Cu
surface, which induce the conformal filling. On the contrary, the optimum concentration
ratio of SPS and Br-results in the selective Cu deposition at the bottom of microvias (i.e.,
SPS dominant) while inhibiting Cu deposition outside microvias (i.e., PEG-Br
dominant). The relationship between the concentration ratio of additives and filling
performance of microvias would be helpful in improving the industrial electrodeposition
processes, and it could be useful for developing new leveler composed of Br- as the

counter ion.
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Figure 3.4. Cross—section images of microvias with varying concentrations of Br- and
SPS in the presence of 100 uM PEG. The current density was —15 mA/cm?; filling time
was 90 min (i.e., 81 C/cm?). The green—dotted box indicates the conditions for obtaining
defect—free filling without dimples (the depth of a concave profile at the top of microvias

<5 um).
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Figure 3.6. Cross—sectional images according to the electrodeposition time with three
additive combinations: (a) 60 uM SPS+50 uM Br~ (concentration ratio = 1.2), (b) 12 uM
SPS+400 uM Br (ratio = 0.03), and (¢) 36 uM SPS+100 uM Br™ (ratio = 0.36). The

concentration of PEG was fixed at 100 uM, and the current density was —15 mA/cm?.
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3.2. Terminal functional groups of levelers

In Section 3.1, Br was verified as an additive for microvia filling by Cu
electrodeposition. Br~ was effective to form the interaction with the suppressor more
than Cl- and I". However, the longer deposition time (90 min) is necessary to make
bottom—up filling. Only Br~ was not enough to completely replace the organic leveler
even though Br has a strong interaction with additives to inhibit the reduction of Cu. For
the reason, we displaced I" to Br~ as the counter ion in TEG—based levelers. The
inhibition effect of organic levelers decreased by displacing I to Br-, as mentioned in

the previous report.5!

Therefore, Organic structures of levelers should be modified to
compensate for the insufficient inhibition. First, the inhibition of TEG-based levelers
was changed by varying terminal functional groups.

The synthesized levelers contained different terminal functional groups: allyl groups
(Lev 1), propyl groups (Lev 2), benzyl groups (Lev 3), and naphthylmethyl groups (Lev
4), as shown in Fig. 2.4. Comparing Lev 1 and Lev 2 would provide the information
about the influence of @ electrons of the allyl groups. Lev 3 was chosen to determine the

influence of the aromatic groups which have the conjugated m—systems with a flat

structure, thus providing a large adsorption surface. Lev 4 that include larger aromatic
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systems than benzyl groups would clarify the influence on the size of aromatic systems.
The structure—performance study of our synthesized levelers will aid the design of new

levelers with the superior filling performance.

3.2.1. Inhibition effect with different terminal functional groups

The effect of the levelers on Cu electrodeposition was observed by LSV experiments
as appearing in Fig. 3.7. The synthesized levelers were added into Std. Cu sol. to
determine the effect of these single additives alone. Rotating speeds of 100 and 1000
rpm were selected to represent flow conditions at the bottom and top of microvias. Fig.
3.7 (a) showed that the onset potential at 100 rpm became negatively increasing from
Lev 1 to Lev 4 in sequence, i.e., -8, —13, 43, and —59 mV, respectively. When the
rotating speed increased to 1000 rpm, the further negative shift of the onset potential
appeared like —23, —-36 mV, —-90, and —170 mV (Fig. 3.7 (b)). It is noticeable that the
onset potential of Lev 2 did not much differ from that of Lev 1 at all rotating speeds,
which means that the propyl and allyl terminal groups had nearly the same inhibition
ability as levelers. On the other hand, the aromatic terminal groups had the stronger

convection—dependent adsorption behavior since the difference values of onset potential
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were measured to be 111 mV (Lev 4) and 47 mV (Lev 3). In the inhibition strength as
the levelers, the aromatic terminal groups are found to be much effective, compared to
aliphatic groups.

Additionally, the inhibition strength of the levelers was evaluated by determining the
exchange current densities obtained by the Tafel plots (Fig. 3.8) using following

equation.”’

logi = logi, + _Za;:;n [1]
Here, iy, 1, a.,n, R, T, and F represent the exchange current density, the overpotential,
the cathodic transfer coefficient, the number of electrons involved, the gas constant, the
absolute temperature, and the Faraday constant, respectively. As listed in Table. 3.1, the
exchange current densities were measured in the range from 0.40 to 2.30 mA/cm?. The
lowest one was found to be 0.40 mA/cm? in the case of Lev 4. Since the charge transfer
resistance is inversely proportional to the exchange current density, EIS analysis was
performed to compare the charge transfer resistances (Fig. 3.9). By applying the potential
of =100 mV vs. OCP, the resistance values increased from 155.50 Q in Lev 1 to 3152 Q
in Lev 4 (Table. 3.1). The synthesized levelers could be classified into three groups, and

the naphthylmethyl group greatly enhanced the inhibition effect of leveler than benzyl

groups.
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The electrochemical analyses suggest that the aromatic groups have a considerable
influence on the adsorption of the levelers on the Cu surface, leading to the strong
inhibition of Cu reduction. In addition, the extended aromatic system of Lev 4 resulted
in the greater inhibition than the other leveler. This significant enhancement of the
inhibition effect is expected to be related to a nature of the aromatic ring system.
Aromatic compounds are readily adsorbed on metal surfaces because of the conjugated
planar ring structures with t—cloud and noncovalent interactions.”®’ In addition, bigger
hydrophobic part in the structure of additive seems to contribute the enhanced inhibition

function.®°
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Figure 3.7. LSV plots for the reduction of copper ions in Cu electrolyte containing Lev

1, Lev 2, Lev 3, and Lev 4 obtained at (a) 100 and (b) 1000 rpm.
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Figure 3.8. Tafel plots for the reduction of copper ions at 1000 rpm with and without

levelers: Lev 1, Lev 2, Lev 3, and Lev 4.
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Figure 3.9. Nyquist plots measured in the Cu electrolyte at 1000 rpm with and without

levelers: Lev 1, Lev 2, Lev 3, and Lev 4.
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Table. 3.1. Exchange Current Density, Cathodic Transfer Coefficient, and Charge

Transfer Resistance with and without Levelers: Lev 1, Lev 2, Lev 3, and Lev 4

L(mA/cm?)
4.80(+0.42)
2.30(+0.07)
2.35(+0.12)
0.73(+0.03)

0.40(+0.02)
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a.

0.25(+0.01)
0.18(+0.01)
0.16(+0.01)
0.22(+0.01)

0.22(+0.01)

R, (at 100 mV)(Q)

30(+1)

156(+5)

167(3)

693(£35)

3152 (+12)



3.2.2. Interaction of levelers with the accelerator and the suppressor.

Fig. 3.10 depicted that the competitive adsorption between the leveler and SPS was
measured through the potential shifts by changing injection orders of additives. When
Lev 1 or Lev 2 was injected, the potential shifted negatively around —50 mV (Fig. 3.10
(a) and (b)). The further addition of SPS shifted the potential quickly to about —-30 mV
irrespective of the injection conditions. Lev 3 maintained the potential of about —80 mV,
but it oscillated from —80 to —10 mV unlike aliphatic levelers when SPS were injected,
as in Fig. 3.10 (c). These potential oscillations are considered to be the repeated
construction and destruction of a complex layer between a certain additive and
accelerator.5¥7" Therefore, this phenomenon that was similarly observed in other
injection conditions might be related to the instability of the inhibition layer during the
competitive adsorption between Lev 3 and SPS. On the other hand, Fig. 3.10 (d)
represented that the potential of Lev 4 was found to be about —80 mV without any change
regardless of the sequence of addition. These results means that the naphthylmethyl
group of Lev 4 could withstand the deactivation by SPS unlike other functional groups.

The inhibition behavior of levelers could affect the complexed inhibition layer with

the suppressor in filling process. Therefore, the deactivation of complexed inhibition
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layer at top and bottom of via was described by the potential difference measurements
in three—additive mixture (Fig. 3.11). The potential difference listed in Table. 3.2 is
calculated by Eq. 2.

AV = V100rpm‘ VlOOOrpm (2]
For all the levelers, the potential at 100 rpm became positively increasing as time elapsed,
as reported that Cl™ ions at weak forced convection interact predominantly with the
accelerator in the same concentration of Cl™ ions even though these are essential for the
complexed inhibition layer.?? For the reason above, the slow supply of CI~ ions at 100
rpm could lead to the collapse of inhibition layer, and then SPS species could easily
accumulated on the Cu surface. The deactivation by SPS at 1000 rpm displayed the
potential shift from —140 mV to about -90 mV in Lev 1, Lev 2, and Lev 3 mixture (Fig.
3.11 (a)—(c)). The potential oscillations of Lev 3 in Fig. 3.10 (c) were not observed
because a stable inhibition layer was formed by the interaction with the suppressor. Fig.
3.11 (d) indicated that the potential in Lev 4 mixture was subsequently maintained to —
178 mV without the deactivation, owing to the strong inhibition layer by interaction
between Lev 4 and the suppressor. As shown in Table. 3.2, Lev 4 mixture showed the
largest potential difference of —157 mV, and the potential difference in Lev 1, Lev 2, and

Lev 3 mixture was almost the same.

60



(a) 80 ——Lev 2(1), SPS (2)

o —{—Lev 245PS (1)
Injection 2 (600s) _f sps (1), Lev2 (2)

Injection 1 (100 s) - Levi (1), SPS (2)
o ——Lev 145PS (1) 60
Injection 2 (600 s) $PS (1), Lev 1 (2)

Injection 1 (100 s)

I :,.

W

= g
£ g
g 20+ g 20}
g ol ¢ of
> >
£ -20} E -20¢
E 40 s a0f
= €
L 60 2 60}
[=] =]
S gl & gl
-100 L L . . L -100 L . . . L
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (s) Time (s)
(c) (d)
80 Injection 1 (100 —_Lev 3 (1), SPS (2) 80 o —f_|ev 4 (1), SPS (2)
6ot njection 1 ( s) (b Lev 3+5PS (1) 60k Injection 1 (100 s) — B Lev 445PS (1)

. Injection 2 (600 T) G SPS (1), Lev 3 (2) Injection 2 (600 S) —g@—SPS (1), Lev 4 (2)

2 a0 - % a0
2 20! 2 20/
g ot g ol
> >
E 201 E -20¢
T a0 s 401
£ c
2 60 o .60}
& &
-80 - -80 |
-100 L L I I L -100 I I I I |
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (s) Time (s)

Figure 3.10. Chronopotentiometry (J=15 mA/cm?) measured at 1000 rpm varying the

sequence of 6 UM SPS and 7 p Lev X (X =(a) 1, (b) 2, (c) 3, and (d) 4) additive injection.
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Figure 3.11. Chronopotentiometry (J=15 mA/cm?) obtained at different rotational speeds

in the presence of three—additive mixture: 6 uM SPS, 100 puM PPG-PEG—PPG (Sup)

and 7 uM Lev X (X =(a) 1, (b) 2, (¢) 3, and (d) 4).
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Table. 3.2. Potential Difference Values between 100 and 1000 rpm in Three—additive

Mixture: SPS, PPG-PEG-PPG, and Lev X (X =1, 2, 3, and 4)

6 3

-88(+3)
91(27)
-93(£2)

-178(=3)

54(28)
59(x10)
62(6)

157(5)

*AV=V 100rprm-V 100 0pm

e A=
Al SECHUL NATICRH



3.2.3. Filling performance of microvia with synthesized levelers.

Fig. 3.12 exhibited via filling performance. The potential difference is extended to
predict the inhibition difference between top and bottom of via and the filling
performance.*®8 Considering the potential difference in Fig. 3.11, the filling
performance would be the best for Lev 4 mixture. As expected, the via filled with Lev 4
mixture formed the fully filled state without voids. The amount of Cu deposited inside
the via became noticeably greater with time from 30 to 60 min. On the other hand, other
vias were fully unfilled in spite of the bottom—up filling profiles. Through the cross—
sectional images, the filling ratio and top thickness of vias were compared quantitatively
(Fig. 3.13). The filling ratio was calculated by dividing the area of via deposited with Cu
by the total area of via. The top thickness was determined by measuring the thickness of
deposited Cu on the top of via excluding the thickness of a Cu seed layer. From Lev 1 to
Lev 3 mixture, the filling ratio reached 70, 72, and 89% at 60 min. It is noticeable that
the filling ratio in Lev 4 mixture reached 100% at only 50 min with the top thickness of
only about 15 um, whereas the other mixtures obtained the top thickness of about 25 pm.
It was remarkable that the sturdy inhibition layer by Lev 4 composed of naphthylmethyl

groups contributed to the best filling performance.
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In conclusion, four types of levelers containing quaternary ammonium groups varying

terminal functional groups were synthesized, and the structure—property relationship of

levelers was examined. The inhibition effect of the synthesized levelers was found to

increase in order of Lev 1= Lev 2 < Lev 3 << Lev 4 based on electrochemical analyses

of onset potential, exchange current density, and charge transfer resistance. Lev 4

composed of naphthylmethyl groups, which have a larger aromatic system than benzyl

groups of Lev 3, resulted in the strongest inhibition for Cu reduction. In particular, the

inhibition layer of Lev 4 was not deactivated by SPS, in contrast to the other levelers,

and the inhibition layer complexed with the suppressor was also maintained strongly at

1000 rpm. Therefore, the Lev 4 mixture achieved the highest potential difference of —

157 mV and the superior filling ratio of 100% within 50 min, allowing 15 pm in top

thickness of microvias. Based on these results, the naphthylmethyl terminal functional

groups are very useful for enhancing the inhibition strength of levelers containing

quaternary ammonium groups. This study can be helpful for synthesizing the new

levelers for Cu electrodeposition.
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10 min 20 min 30 min 40 min 50 min 60 min

Figure 3.12. Cross—sectional images of microvias electrodeposited varying the
deposition times using three—additive mixture: 6 uM SPS, 100 uM PPG-PEG-PPG, and

7 uM Lev X (X =1, 2, 3, and 4). The current density was —15 mA/cm?.
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Figure 3.13. (a) Definition of filling ratio and top thickness as filling performance
metrics in cross—sectional images of microvias. Plots of the (b) filling ratio and (c) top

thickness calculated from filling results in Fig. 3.12.
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3.3. Quaternary ammonium groups of levelers

Ammonium groups were directly related to the adsorption of TEG—based levelers
because of their positive charge. Although the inhibition strength of leveler was
enhanced by modifying the terminal functional groups, the change in ammonium groups
expect to improve the adsorption strength of levelers. Therefore, we changed the
ammonium groups of levelers composed of allyl groups as the terminal functional groups.
Additives were synthesized by naming Lev A—1, Lev A2 (same structure as Lev 1 in
Section 3.2.) and Lev A-3 according to the number of ammonium groups based on Lev
1. The role of additives as the leveler was analyzed through electrochemical analyses

and applied to microvia filling process.

3.3.1. Electrochemical effect of ammonium groups

The inhibition effect according to the number of ammonium groups was observed by
LSV experiments, as shown in Fig. 3.14. The combinations of additives were various to
confirm the interaction between leveler and other additives in two rotating speeds. The

onset potential at 1000 rpm in Lev conditions became negatively increasing from Lev
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A-1 to Lev A-3 in sequence (5.6, —61.3, and —99.5 mV, respectively). The enhanced
inhibition effect was caused by adsorbing more strongly on Cu surface as the ammonium
groups that could be adsorbed by their charge interaction increased. When SPS (Acc)
was added in Lev condition, Lev A—1 and Lev A-2 indicated weak acceleration effect
regardless of rotating speeds. However, in Lev A—3 (Fig. 3.14 (e) and (f)), the current
density in the region after the onset potential of Lev A-3 decreased unlike other levelers.
It was caused that the interaction between SPS and Lev A-3 formed the synergistic
inhibition effect during the desorption of Lev A—3. In the composition of Lev+Sup, Lev
weakly affected the inhibition layers that were dominant by the interaction between Sup
and Br~ becauseall plots containing Sup were overlapped according to levelers. However,
when SPS was added into the electrolyte composed of Lev+Sup, the current densities
showed the acceleration difference that was caused by each levelers.

The interaction between SPS and Lev was analyzed by the injection method in
chronopotentiometry to confirm the deactivation of Lev. Fig. 3.15 was obtained by
injecting Lev at 100 s and SPS at 600 s in sequence. Lev A—1 showed the constant
potential in spite of the addition of SPS and the weakest inhibition strength among them.
Weak inhibition effect of Lev A—1 meant that the surface coverage of Lev A—1 at the

same concentration was lower than other levelers because it has just one ammonium
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groups on the structure of leveler. Lev A—2 was deactivated by SPS, which was equally

confirmed in Lev 1 of Fig. 3.10. The potential of Lev A-3 indicated the largest

overpotential, =100 mV, that was the best inhibition strength among the synthesized

levelers in Section 3.2 and 3.3. In addition, the specific potential shift was obtained by

the addition of SPS. The potential moved from —100 to —130 mV in the negative direction

immediately after SPS was added. And then, after 60 s, the potential showed a tendency

to move in a positive direction again. This results suggested that the interaction between

Lev A-3 and SPS initially resulted in the additional inhibition effect and the acceleration

effect appeared after a certain period of time.

Microvia filling was examined to confirm the filling performance of Lev A—1, A-2

and A-3. The cross—sectional images of microvia was confirmed in three—additives

composition containing the same concentration of Lev, as shown in Fig. 3.16 (a). The

deposition amount of Cu inside microvia increased from Lev A—1 to Lev A-3. The

thickness of deposited Cu at the bottom of microvia was 17.2, 45.8, and 61.8 um (Lev

A-1 to Lev A-3). Comparing the filling results, Lev A-3 showed a better filling

performance, which could be improved by changing the concentration of SPS. When the

concentration of SPS changed from 3 to 24 uM with the fixed Sup and Lev A-3,

microvias showed the bottom—up filling at 3 pM. Rather, conformal filling images were
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obtained as the concentration of SPS increased. These results were analyzed through the
following chronopotentiometry experiments.

In order to interpret the filling results according the concentration of SPS in Lev A-3
compositions, chronopotentiometry experiments were performed like Fig. 3.17. The
potential profiles for SPS compositions were compared under two rotating speed
conditions of 100 and 1000 rpm. At 100 rpm, the potential oscillations were formed in
the range of —20 to —80 mV and the starting time of oscillation was getting faster as the
concentration of SPS increased. It was suggested that the lower supply of CI” on the Cu
surface at 100 rpm undermined the inhibition layers of Sup—Cl that could be easily
detached by the competitive adsorption of SPS.?? For the reasons, the adsorbed SPS
induced the repetitive adsorption and desorption of the inhibition layers during the
competitive adsorption with Lev A-3. These potential oscillations were founded in
specific leveler (Lev 3 in Section 3.2) and reported by several papers.>®” These
behaviors might be related to the adsorption strength of Lev compared to SPS. At 1000
rpm, the inhibition layers were not maintained strongly at 6, 12, and 24 uM of SPS (Fig.
3.17 (b)~(d)). The potentials at 1000 rpm gradually overlapped with the range of
potential at 100 rpm. These results represented that the inhibition difference between top

and bottom became less and less when the concentration of SPS increased. However, in
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Fig. 3.17 (a), the inhibition layers at 1000 rpm were maintained in 3 uM of SPS more

than the others, which induced a high potential difference. Although the potential

oscillation similarly occurred at 100 rpm in 3 pM of SPS, the concentration of SPS was

low to weaken the inhibition layers at 1000 rpm. For the above reasons, microvias can

obtain bottom—up filling.
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Figure 3.14. LSV curves for Cu reduction with various combinations of additives, with

Lev A—X (X=1 (a), (b), 2 (c), (d), and 3 (e), (f)), Lev A—X and SPS, Lev A—X and PPG—

PEG-PPG (Sup), Lev A—X, Acc, and Sup at the rotating speed of (a), (c), (¢) 100 and

(b), (d), (f) 1000 rpm. The concentrations of Lev A—X, SPS, and Sup were 7, 6, and 100

uM, respectively.
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Figure 3.15. Chronopotentiometry measured at 1000 rpm injecting Lev A—X (X=1, 2,

and 3) at 100 s and SPS at 600 s in sequence.

74



(a) Lev A-1 Lev A-2 Lev A-3

Figure 3.16. Cross—sectional images of microvia deposited by the additives: (a) 6 pM
SPS, 100 uM PPG-PEG-PPG and 7 uM Lev A-X (X=1, 2, and 3). (b) The
concentrations of SPS were 3, 6, 12, and 24 uM in the same concentration of Lev A-3

and PPG-PEG-PPG. The current density was —15 mA/cm?; the plating time was 60 min.
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rotating speeds in the presence of

three—additives: 3, 6, 12, and 24 uM SPS, 100 uM PPG-PEG—-PPG, 7 uM Lev A-3. The

current density was —15 mA/cm?. All additives were injected at 100 s.
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3.3.2. Microvia filling in high current density

The inhibition strength of Lev A-3 was the best among the synthesized levelers in
these studies. Although Lev 4 composed of naphthylmethyl as the terminal functional
groups was not deactivated by SPS, the inhibition strength of Lev 4 was lower than that
of Lev A—3 compared to the deactivation experiments (Fig. 3.10 and Fig. 3.15). Based
on these results, Lev A—3 was expected to be applicable to microvia filling in high
current density. First, the current density increased from 15 to 30 mA/cm? in the additive
compositions of Fig. 3.16. The filling time also reduced from 60 to 30 min to adjust the
applied charge. All microvias indicated the conformal filling regardless of the
concentration of SPS, as shown in Fig. 3.18.

The potentials were measured by applying the current density of 30 mA/cm? to
understand the filling results in high speed filling, as shown in Fig. 3.19. Comparing the
potentials according to the concentration of SPS, the potential difference at 3 uM of SPS
gradually was larger from 1200 s in Fig. 3.19 (a), but the difference was not as large as
the difference in potential under the condition where microvia filling was successful
previously. As the concentration of SPS was higher, the potential difference

progressively decreased, and it was nearly zero at 12 uM of SPS (Fig. 3.19 (c)). Since
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such a small potential difference was formed, microvias were not fully filled when high

current density was applied. The inhibition effect at 1000 rpm was weakened in high

current density. It was caused that the inhibition layers dominantly composed of the

complexed suppressor layers were strongly detached by more negative overpotential for

applying high current density. Therefore, the inhibition effect on the top surface of

microvia could not be maintained, which resulted in low inhibition difference between

top and bottom of microvias. The configuration of inhibition layers in which the

suppression effect was strongly maintained even at high current density needed to be

changed. In Fig. 3.20, potential profiles were examined just in SPS and PPG-PEG-PPG

condition. Comparing to the result at Fig. 3.19 (a), the potentials were shifted more

positive with deposition time regardless of rotating speeds. It meant that polymeric

suppressor, PPG-PEG-PPG, can be easily deactivated by SPS and cannot maintain the

inhibition layers. For the above reason, it was necessary to conceive inhibition layers

expect for PPG-PEG-PPG that occupied a lot of surface coverage on Cu surface by high

concentration.

The inhibition layers of Lev A-3 were examined by the injection method to confirm

the inhibition strength at high current density except for PPG-PEG-PPG. Lev A-3 was

first injected at 100 s, and then SPS was added at 600 s in Fig. 3.20. In 3 pM of SPS, the
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potentials showed more negative potential after injecting SPS at 100 and 1000 rpm. As

the above results, the interaction between Lev A—3 and SPS was related to the additional

negative shift of potential. When the concentration of SPS increased, the time reaching

the maximum negative potential gradually increased at all rotating speeds. Therefore, in

6 uM of SPS, the acceleration effect at 100 rpm appeared after the maximum negative

potential and exceeded over the inhibition potential of —100 mV in Lev A-3 (Fig. 3.20

(a)) while the potential slowly shifted to positive by 1800s, which was not over —110 mV

(Fig. 3.20 (b)). Finally, the inhibition layers at 100 and 1000 rpm were broken by SPS in

12 uM of SPS. Based on these results, high inhibition difference between top and bottom

of microvia was formed in the optimum concentration as 6 pM of SPS, which was

possible to develop bottom—up filling in high current density.

Varying the concentration of SPS in Lev A-3, the cross—sectional images of microvias

were obtained with deposition times, as shown in Fig 3.21. Bottom—up filling was

successfully observed when the concentration of SPS changed to 6 uM (Fig. 3.21 (b)).

Deposition of Cu proceeded at the corner of bottom with a V—shape until 15 min, but the

deposited amount of Cu suddenly was expanded from 22 min 30 s. Although the growth

of V—shape initially appeared in 3 pM (Fig. 3.21 (a)), the amount of deposit was

insufficient until the complete deposition time. It was caused that low concentration of
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SPS induced a weak acceleration effect at the bottom of via. In higher concentration of
SPS as Fig. 3.21 (c), the deposit at the corner of bottom was not observed in the initial
deposition time. Microvias presented the conformal filling by 30 min. When the specific
concentrations of Lev A-3 and SPS were met, it was confirmed that microvias were
completely filled in 30 min at 30 mA/cm?. This deposition time was cut in half from the
conventional deposition time.

In this section, the inhibition effect of levelers according the number of ammonium
groups were analyzed to apply microvia filling. Lev A—1 and A-2 showed the weak
inhibition effect. However, Lev A—3 composed of three—ammonium groups showed the
strongest inhibition effect and the specific interaction between Lev A—3 and SPS in the
initial deposition time for the competitive adsorption. This interaction enhanced the
inhibition effect of Lev A-3 and induced the delayed acceleration effect of SPS. In
microvia filing experiments, the conformal filling appeared at all levelers. Among them,
when the concentration of SPS decreased to 3 uM in Lev A-3 additives combination,
bottom—up filling was obtained because of maintaining the inhibition layers at 1000 rpm.
It was tried to perform microvia filling at high current density (30 mA/cm?). In three—
additives composition, all microvias indicated the conformal filling. It was caused that

the inhibition layer of PPG-PEG-PPG was easily detached at high current density.
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Therefore, the surface coverage of Lev A—3 on Cu surface increased by eliminating Sup,
and the inhibition layers was well maintained in spite of the adsorption of SPS. In the
optimum concentrations of Lev A-3 and SPS, microvias could form bottom—up filling
by applying the current density of 30 mA/cm?. The deposition time can reduce from 60
to 30 min. This study can be helpful for developing new levelers in high—speed microvia

filling.
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CHAPTER IV

Conclusion

In this study, TEG-based levelers were newly synthesized to improve the inhibition
strength by adjusting the structural components of levelers. We first studied the influence
of Br~ on the Cu electrodeposition and the interaction of Br~ with other additives. Based
on the results, Br~ was adopted as a counter ion of TEG—based levelers. As the method
to supplement weaker inhibition effect when using Br~ than I, the study was conducted
to enhance the inhibition effect through the change of terminal functional groups and the
number of ammonium groups.

Halide ions were used as the counter ions in TEG—based levelers. From the reported
research in our group, " induced the stronger inhibition effect than Br-, but the
deposition efficiency of I was lower than that of Br~. Therefore, the effect of Br~ on the
adsorption of PEG and SPS was investigated to apply it as the counter ion. Br- enhanced
the inhibition effect of PEG that was stabilized on the Cu surface. The concentration of
SPS and Br and the forced convection affected the competitive adsorption between

PEG-Br inhibition layers and SPS. Therefore, the optimum concentration ratio between

SPS and Br~ was dominant for bottom—up filling of microvias. If the addition of Br~ or
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SPS was excessive, all of the Cu surfaces could be dominantly covered by PEG—Br~

inhibition layers or SPS, which resulted in the conformal filling. In the concentration

ratio range (0.2 <[SPS]/[Br ] <0.7), Cu electrodeposition started at the corner of bottom

inside microvias and was selectively inhibited outside microvias, leading to Cu bottom—

up filling.

Through the study on Br— as the additive, it was sufficient to be effective as the counter

1on in TEG-based levelers because Br could indicate the inhibition effect interacted

with other additives. However, the inhibition effect of TEG-based levelers was

weakened by displacing I to Br~. Modifying the structures of levelers could compensate

the insufficient inhibition. For the reasons, we synthesized TEG-based levelers varying

the terminal functional groups. The inhibition strength of synthesized levelers was

enhanced in order of Lev 1=Lev 2 <Lev 3 << Lev 4. Lev 4 composed of naphthylmethyl

groups induced the strongest inhibition, which was not deactivated by SPS. In three—

additives composition, Lev 4 indicated the highest potential difference of —157 mV.

Filling ratio was 100% within 50 min, allowing 15 um on the top thickness of microvias.

Based on the results, naphthylmethyl groups were useful for assisting the inhibition

strength of leveler.

Quaternary ammonium groups also could be important for the adsorption of levelers
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because of their positive charge. In order to enhance the inhibition effect of levelers, we
changed the number of ammonium groups in the structure of Lev 1. Lev A-3 containing
three—ammonium groups showed the strongest inhibition effect, which indicated that the
interaction between Lev A-3 and SPS induced the synergistic inhibition during the
competitive adsorption. In three—additives composition, Lev A-3 showed better
performance than other levelers (Lev A—1 and Lev A-2). And the filling performance
was improved by changing the concentration of SPS from 6 to 3 uM because of strongly
maintaining the inhibition layers at 1000 rpm. When the current density increased in 30
mA/cm?, microvias showed the conformal filling in the same additive conditions. It was
caused that the inhibition layers of PPG-PEG—PPG at 1000 rpm was not maintained due
to higher overpotential by the enhanced current density, which resulted in low potential
difference. Therefore, the optimum concentration of SPS and Lev A-3 was found to
obtain the highest potential difference, which resulted in the high—speed filling in
microvia (60 to 30 min).

Overall, the structural components of levelers were considerably related to the
inhibition effect of levelers. These studies on Br-, terminal functional groups, and
quaternary ammonium groups demonstrated that the inhibition effect of levelers could

be enhanced by modification of structure and microvia indicated the improved filling
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performance. Especially, these levelers can be useful to obtain specific properties (i.e.

low top thickness and reducing the deposition time) in the electrodeposition industry.
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Appendix I

Evaluation of convection-dependent adsorption

behavior of quaternary ammonium-based leveler

Convection dependent adsorption behavior of levelers was important to perform
bottom-up filling of microvias. In this study, the synthesized leveler was examined by

electrochemical analyses such as LSV and Koutecky—Levich plot.

1. Introduction

Copper electroplating is used for the metallization in printed circuit boards (PCBs)
and integrated circuits (ICs) in the electronics industry. Because microvia or through-

holes are essential components for the multilayer structure of devices,?

completely
void- and seam-less filling, so called “superfilling” or “bottom-up filling,” ensures the
reliability and stability of the interconnects.*® Superfilling is generally achieved by

adding a combination of several additives, such as an accelerator, a suppressor, and a

leveler, to a copper electroplating solution: bis(3-sulfopropyl) disulfide (SPS) or 3-
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mercapto-1-propaesulfonate (MPS) as the accelerator,”® polyethylene glycol (PEG),
polypropylene glycol (PPG), or their copolymer as the suppressor,*® and Janus Green B
(JGB) or Diazine Black (DB) as the leveler.2%'? Void-free filling of microvias is
associated with the variation of the local deposition rate, where the leveler would
selectively inhibit the Cu deposition reaction on the protrusions on the rough surface to
make a flat surface. >4

A number of levelers have quaternary ammonium groups in their molecular

structures,'®> 18

which plays a key role in the adsorption and inhibition function of the
levelers. The electrostatic attraction between the positive charge on nitrogen atoms and
the negatively charged Cu surface leads to the non-specific adsorption of the leveler on
Cu surface and the physical inhibition of Cu deposition.’®?® Moreover, quaternary
ammonium-based leveler was reported to be electrochemically reducible, which would
decrease the faradaic efficiency for Cu electroplating.?* The adsorption phenomenon
depends on the electrode geometry and the potential, thus resulting in local variation of
the inhibition function of the leveler. The other important characteristic of the leveler in
association with the filling performance is its convection-dependent adsorption (CDA);

as the forced convection of the electrolyte becomes more vigorous, the adsorption and

inhibition functions of the leveler become more severe. Typically, the electrolyte in the
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vicinity of the bottom of the microvia is quiescent compared to that at the top, and thus
CDA behavior enhances the deposition rate at the bottom.?22 The CDA behavior of

2425 and other additives®2® have been

various levelers and its interaction with halide ions
studied. Usually, the potential difference between 100 rpm and 1000 rpm for
galvanostatic Cu electrodeposition can be considered an indicator of filling
performance.5%’

In this study, we synthesized the leveler that had a hexaethylene glycol structure with
quaternary ammonium functional groups. Polyether bonded to dialkylamine or
quaternary amine has been proposed as an effective suppressor,?® and previously we
synthesized a triethylene glycol-based leveler and successfully applied it to filling in
through silicon vias.?* The quaternary ammonium-based leveler presented in this study
was investigated electrochemically and applied to microvia filling. In addition, its CDA

behavior was characterized with a rotating disk electrode (RDE) and a Koutecky—Levich

plot.

2. Experimental

The quaternary ammonium-based leveler was synthesized as shown in Scheme 1.
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Hexaethylene glycol diallyl ether (1) was obtained from the O-allylation reaction of
ethylene glycol by the allyl bromide and tetrabutylammonium iodide (TBAI). The
epoxidation reaction of 1 with meta-chloroperoxybenzoic acid (mCPBA) resulted in the
change from an allyl group to an epoxide ring group, forming compound 2. Treatment
of 2 with N,N-dimethylamine opened the epoxide ring and then we added dimethylamine
groups to form compound 3. The quaternary ammonium-based leveler was produced
from the N-allylation reaction of 3 with allyl bromide. The structure of the synthesized
leveler was confirmed by 'H, '*C nuclear magnetic resonance (NMR) spectra and high
resolution mass spectroscopy (HRMS) data.

A PCB substrate (Samsung Electro-Mechanics Co. Ltd.) was prepared as the cathode,
with dimensions of 2.1 cm x 2.2 cm. The dimensions of the microvia formed by laser
drilling on the PCB substrate were 130 pm in width at the top, 100 um at the bottom,
and 100 um in depth. Each substrate had about 1750 microvias and the distance between
microvias was 300 um in average. Prior to the formation of a seed layer, the substrate
went through desmear process to remove the laminate fragments and to enhance the
adhesion between a Cu seed layer and a substrate, followed by conditioning and acid
etching. A Cu seed layer (3 um) was formed on the PCB substrate by electroless

deposition method. The insoluble anode (IrO./Ti) covered by a proton-conducting
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membrane was used as the anode. The plating solution was composed of 0.92 M
CuSO45H20 (99+% purity, SEO AN CHEM TEC), 0.43 M H:SO4 (95% purity,
DAEJUNG), and 0.82 mM HCI (35% purity, DAEJUNG). 6 uM SPS (Raschig GmbH,
Germany), a 100 uM PPG-PEG-PPG copolymer (My, = 2000, Sigma Aldrich), and a 7
UM synthesized leveler were added to the plating solution contained in a polypropylene
bath (2 L). The electrolyte was ejected from a nozzle installed in the bath to the substrate,
where the nozzle pressure was maintained at 0.5 kgf/cm?. The distance between a nozzle
and a PCB substrate was 5 cm. The temperature of the plating solution was maintained
at 25°C. The current density for galvanostatic copper electroplating was 15 mA/cm? and
the plating time was 60 min. After copper electroplating, the substrate was sectioned and
its cross-section was observed with an optical microscope (ICS-306B, SOMETECH).
About 30 microvias on each substrate were inspected in order to examine the filling
profile of Cu in microvia.

Electrochemical analyses were performed to investigate the inhibition effect and CDA
behavior of the synthesized leveler. The analyses were carried out with a three-electrode
system containing a Cu RDE (geometric area = 0.07 cm?) as the working electrode, Cu
wire as the counter electrode, and Ag/AgCl (KCl sat.) as the reference electrode. The Cu

RDE was ground with 2000 grit sand paper and washed with deionized water. Linear
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sweep voltammetry (LSV) was performed by sweeping the potential from 150 mV (vs.

Ag/AgCl) to —350 mV at a scan rate of 10 mV/s. Chronoamperometry was performed at

the potentials of 0, =50, —100, and =150 mV (vs. Ag/AgCl) for 120 s. All electrochemical

measurements were carried out with a PAR 263 A Potentiostat (EG&G Princeton

Applied Research Corporation).

3. Results and Discussion

Cu was electroplated into the microvia with the combination of accelerator—

suppressor—leveler, and its time-evolving deposit profiles are shown in Fig. 1. When the

synthesized leveler was added into the plating electrolyte, bottom-up filling was clearly

observed in the microvia as compared to the leveler-free condition. The higher

deposition rate at the bottom as compared to at the top indicates that the synthesized

leveler suppressed the growth of Cu on the top of the microvia. It is presumed that the

inhibition power, which varied with the position on the microvia, would be associated

with electrolyte convection.

The inhibition effect of the leveler on Cu electroplating was examined via LSV

analyses on Cu RDE, where rotating speeds of 100 and 1000 rpm were adopted in order
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to replicate the conditions of the electrolyte convection on the bottom and top of the
microvia, respectively, and the results are presented in Fig. 2. When the leveler was
added into the electrolyte, Cu deposition was effectively suppressed for the overall
potential range (Fig. 2a). The inhibition effect of the leveler was less severe than that of
the suppressor, which might be due to the difference in the amount of addition. The
inhibition effect of the leveler was also found on the combination with suppressor—
accelerator (Fig. 2b). In principle, the high rotating speed of the RDE enhances the mass
transfer of cupric ions to the electrode surface, leading to a high current density. However,
the effect is not very significant at low overpotentials where the current density depends
on the charge-transfer rate rather than on the mass-transfer rate. Actually, in all LSV
measurements without the leveler, the curves for 100 and 1000 rpm were almost identical
until the potential reached —200 mV (vs. Ag/AgCl); subsequently, the rotation with 1000
rpm exhibited higher current beyond —200 mV. (Figs. 2a and b). However, with the
addition of the leveler, the current at 1000 rpm was lower than that at 100 rpm in the
potential range from 50 to —200 mV, and it manifested CDA behavior.

The CDA behavior of the leveler was investigated via chronoamperometry. Because
the electrochemical reduction of Cu?* to Cu is not very reversible, the current for the

backward reaction (from Cu® to Cu*") can be ignored, and therefore, the current in the
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presence (irev) and absence (in,) of the leveler can be expressed as follows:
iLev = NFACcy2+ (D kpey (E)O(t) + nFAC 2+ (£)kno(E)(1 — 6(1)) (1)
ino = NFACz+ (Dkno(E)  (2)

where n is the number of electrons involved in the reaction, 4 is the electrode area, Cci.2+
(¢) is the concentration of Cu?" at the electrode surface, and £ is the rate constant with
and without the leveler. 4 is the fractional coverage of the leveler [6(t) = I(¢)/[s, where
I" and [ are the surface excess of the leveler at time ¢ and at saturation, respectively],
assuming that the adsorption type of the leveler is specific, which is consistent with the
observation by Hai et al.?! In the chronoamperometric measurement on the RDE, the
current varied with time because of the change in Cu®" concentration and the coverage
of the leveler. A steady-state value for the current indicates that the diffusion boundary
layer of Cu?" is fully developed and that the coverage of leveler is almost equal to the
equilibrium coverage, 6., = I ¢4/ Iz, Where I, is surface excess of leveler at equilibrium.

Herein, we define

. ino—i
Laiff = noinOLe_v 3)
as the extent of the inhibition effect, which is a function of the concentration of Cu?*" and

the coverage of the leveler, both of which change with time. Especially, at 0 to =100 mV

(vs. Ag/AgCl), the current value was less than 10% of the limiting current density (0.19—
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0.74% at 0 mV, 0.43-1.60% at =50 mV, and 1.79-7.29% at =100 mV in the 100-1000

rpm range), whereby the concentration of Cu?" at the RDE surface is almost equal to the

bulk concentration (0.92 M) overall. Then, insertion of Egs. (1) and (2) into Eq. (3) yields,
laif = [kno(E) = kiey(ED]O(8)/kno(E) (4)

Because the rate constant is time-independent, is; manifested the change in the
coverage of the leveler according to the time, which corresponds with the adsorption rate.
Figure 3 shows the plots of is; against time with the leveler at the potentials where the
CDA behavior was observed in the LSV analyses (0 to =150 mV vs. Ag/AgCl). The
results from the same analyses with the suppressor are also presented in Fig. 3 for
comparison. The suppressor exhibits relative large i values as compared to the leveler,
which indicates that the extent of the inhibition effect of the suppressor was larger than
that of the leveler over all potential ranges, which is consistent with the weaker inhibition
effect of the leveler as compared to that of the suppressor in the LSV analyses. The iz
value for the suppressor did not vary much with time, which indicates the rapid saturation
of its coverage, whereas iy for the leveler gradually climbed, which indicates the
gradual increase in the surface coverage of the leveler. In addition, igy for the leveler
varied significantly with the applied potential, indicating that kz., increased with

increasing applied potential, whereas ks,, was almost constant. Moreover, iz for the
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leveler increased faster with the higher rotating speed, which would correspond to the
CDA behavior of the leveler. The adsorption rate would be governed by the rate of
adsorption reaction (adsorption reaction model) or by the rate of the mass transfer of the
adsorbate (adsorption diffusion model),? whereby the CDA behavior might be
interpreted in terms of the adsorption diffusion model. For a linearized specific
adsorption isotherm (low concentration of the leveler) under a semi-infinite linear

diffusion of adsorbate, the coverage of leveler adsorbed at time ¢ is®

0(8) = T2 = 0o [1— exp(~Droyt/OKT)] (5)

where Dy., is a diffusion coefficient of the leveler, J is the diffusion boundary layer
thickness for the leveler, and K is an adsorption equilibrium constant. Because J is a
function of the rotating speed of the RDE, it would contribute to the convection-
dependency of the adsorption process; at higher rotating speeds, 6 increased more
abruptly, which is consistent with the behavior of iz for the leveler in Fig. 3. According
to Eq. (5), the coverage of the leveler would eventually reach same 6,, at all rotating
speeds, whereby the difference in the inhibition effect of the leveler according to the
convection would gradually vanish during electroplating. However, iqy for the leveler
did not converge upon same value, as shown in Fig. 3. After 100 s, iz reached almost

steady-state values (isfss), which are plotted against the rotating speed in Fig. 3e.
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Although iup for the leveler was expected to be independent of the rotating speed
according to Egs. (4) and (5), it increased with increasing rotating speed and became
more evident with the high overpotential (Fig. 3e). However, iz for the suppressor was
almost constant over all rotating speeds and overpotentials (Fig. 3f). Actually, the
adsorption process can be disturbed by the continuous generation of a freshly deposited
Cu surface, and thus igg (or 6.) for the leveler would vary with rotating speed.
Therefore, the adsorption model should be modified with the reaction rate of adsorption
and desorption, which will be considered in our future study.

The CDA behavior of the leveler according to the rotating speed is also found in a
Koutecky—Levich plot. For a totally irreversible electron-transfer reaction, the

Koutecky—Levich relation can be depicted as follows:

1 1 1
-=—+ 2/3 (6)

1/24,—1 *
i ik 0.62nFAD_ 5 2v=1/6¢; oy

i = nFAk(E)C, 2+ (7)
where o is the rotating speed, v is the kinematic viscosity of the electrolyte, Dc.2+ is the
diffusion coefficient of Cu?’, and C'cp+ is the bulk concentration of Cu?" in the
electrolyte. The y-intercept of a straight line extrapolated to w2 = 0 in the plot of 1/i vs.
1/w'? gives 1/ix, whereby 6., and k.., (E) could be obtained by Eqs. (4) and (6). The

Koutecky—Levich plots for Cu electrodeposition with and without the leveler are
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presented in Fig. 4. In the plot for the no-additive condition (Fig. 4a), the slope
[1/(0.62nFAD?? v "5C*¢,5+)] of the linear line was 0.194 mA~'-s™'? at 0 mV, and it did
not vary much with the overpotential. This value was close to the theoretical value (0.206
mA s, 4=0.07cm?, C=0.92M, D=5 x 10° cm?s,* v = 0.01 cm?/s). However,
the plot for the leveler showed a negative slope (Fig. 4b), which is consistent with the
chronoamperometric results: a lower current flow at the higher rotating speed. Although
kiev (E) could not be estimated because of the negative slope, the CDA behavior of the
leveler was clearly shown with the Koutecky—Levich plots.

As the inhibition effect of hexaethylene glycol is almost negligible,*? the inhibition
effect of the leveler would be originated from cationic nitrogen groups in its molecular
structure and it might be also associated with its convection-dependent adsorption
behavior. Our further research will focus on unveiling the relationship between the

functional group of the leveler and its convection-dependent adsorption behavior.
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Figure 1. Cross-sectional images of copper electroplated in microvia without the

synthesized leveler (left) and with the leveler (right).
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4. Conclusion

In this study, a quaternary ammonium-based leveler was synthesized and
successfully adopted into Cu electroplating for microvia fill. In the LSV analysis,
the leveler showed a convection-dependent inhibition, which would enable
bottom-up filling. Its adsorption behavior was investigated with
chronoamperometric measurements, and its convection-dependency was
confirmed. The negative slope of the Koutecky—Levich plots for Cu

electroplating with the leveler was also be related to the CDA of the leveler.
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Appendix II

Synthetic procedure of TEG-based levelers

containing various terminal functional groups

* Yoonjae Lee in Laboratory of prof. Young Gyu Kim contributed to synthetic procedure.

TEG-based levelers containing various terminal functional groups were studied in

Section 3.2.

1. General procedures

All the chemicals were obtained from commercial sources and were used without
further purification. Tetrahydrofuran (THF) was distilled immediately prior to use from
sodium and benzophenone under nitrogen atmosphere. Air or moisture sensitive
reactions were carried out under nitrogen atmosphere using oven-dried glassware. The
reactions were monitored with TLC silica gel 60 F»ss plate, stained with a
phosphomolybdic aicd or a ninhydrin stain solution. Column chromatography was

performed on silica gel 60 (70-230 mesh). 'H and *C nuclear magnetic resonance (NMR)
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spectra were measured at 400 MHz and 100 MHz, respectively, in deuterated chloroform
(CDCl;) or deuterated methanol (MeOH-ds) with Bruker Avance-400. The 'H and *C
NMR spectroscopic data were reported in ppm (8) from the internal standard (TMS, 0.0
ppm) or residual solvent peaks of CDCIl; (7.26 ppm and 77.16 ppm, respectively) or
MeOH-ds (3.31 ppm and 49.00 pp m, respectively): chemical shift (integration,
multiplicity, coupling constant in Hz). High resolution mass spectra (HRMS) were
measured by the fast atom bombardment (FAB) ionization method and analyzed with a

magnetic sector mass analyzer.

2. Synthesis of Lev 1, 2, 3, and 4

To a solution of 1,2"-bis(N, N-dimethylaminomethyl) triethylene glycol (1) (367 mg,
1.39 mmol) in tetrahydrofuran (THF, 3 mL) and methanol (MeOH, 3 mL), allyl bromide
(0.26 mL, 3.05 mmol, 2.2 equiv.) was added at room temperature. After 12 hrs, the
reaction mixture was concentrated under the reduced pressure. The obtained crude
mixture was diluted with H20 (20 mL) and washed with ethyl acetate (EtOAc, 20 mL)
and the combined aqueous layer was concentrated under the reduced pressure to give a

1,2"-bis(N, N, N-dimethylallylaminomethyl) triethylene glycol dibromide (Lev 1) as
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viscous yellowish liquid (581 mg, 83%); 'H NMR (MeOH-dy) & 3.19 (12H, d, J=10),
3.41-3.60 (8H, m), 3.70 (4H, s), 4.11-4.16 (4H, m), 4.38 (2H, br s), 5.73-5.77 (4H, m),
6.10-6.18 (2H, m); *C NMR (MeOH-d,) 8 50.6, 50.9, 64.7, 66.3, 67.6,70.5, 73.0, 125.2,
128.2; HRMS for Lev 1 (FAB) calcd for CisH3sBrN>O4" 425.2015 ([M-Br]"), found
425.2010; Lev 3 and Lev 4 were synthesized in the same procedure above by replacing
allyl bromide with benzyl bromide and 2-(bromomethyl) naphthalene, respectively. 1,2"-
bis(V, N, N-benzyldimethylaminomethyl) triethylene glycol dibromide (Lev 3) was
obtained as viscous yellowish liquid (3,661 mg, 94%); "H NMR (MeOH-d.) 6 3.14 (6H,
s), 3.19 (6H, s), 3.45-3.62 (8H, m), 3.72 (4H, s), 4.47 (2H, br s), 4.69 (4H, ABq, J=12.8),
7.55-7.58 (6H, m), 7.63-7.65 (4H, m); *C NMR (MeOH-d,) § 50.1, 50.4, 64.8, 66.5,
69.0, 70.5, 73.1, 127.6, 128.9, 130.5, 133.1; HRMS for Lev 3 (FAB) calcd for
CosH4:BrN,O4"  525.2328  ([M-Br]"),  found  525.2317;  1,2"-bis(V,N,N-
dimethylnaphthylmethylaminomethyl) triethylene glycol dibromide (Lev 4) was
obtained as viscous yellowish liquid (14,803 mg, 82%); 'H NMR (MeOH-d.) 5 3.18 (6H,
s), 3.24 (6H, s), 3.51-3.62 (8H, m), 3.72 (4H, s), 4.48 (2H, br s), 4.84 (4H, ABq, J/=13.2),
7.60-7.64 (4H, m), 7.67-7.70 (2H, m), 7.95-8.03 (6H, m), 8.19 (2H, s); *C NMR
(MeOH-d,) 6 50.2, 50.5, 64.8, 66.5, 69.0, 70.5, 73.1, 124.9, 126.7, 127.4, 127.5, 128.2,

128.6, 129.1, 133.0, 133.7, 134.0, HRMS for Lev 4 (FAB) calcd for C34HssBrN2O4"
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625.2641 ([M-Br]"), found 625.2635; Lev 2 was synthesized in the same procedure
above except that the excess amount of propyl bromide (10 equiv.) was used in the neat
conditions. 1,2"-bis(N, N, N-dimethypropylaminomethyl) triethylene glycol dibromide
(Lev 2) was obtained as viscous yellowish liquid (1,796 mg, 64%). 'H NMR (MeOH-d,)
0 1.04 (6H, t, J=7.2), 1.81-1.90 (4H, m), 3.21 (12H, d, J/=4.8), 3.40-3.60 (12H, m), 3.71
(4H, s), 4.33 (2H, br s); *C NMR (MeOH-d,) 8 9.5, 15.8, 51.1, 51.4, 64.7, 66.3, 66.9,
70.5, 73.0; HRMS for Lev 2 (FAB) calcd for C1sH42BrN>O4™ 429.2328 ([M-Br]"), found

429.2327.

3. Reference

1.M.J. Kim, Y. R. Seo, J. H. Oh, Y. J. Lee, H. C. Kim, Y. G. Kim, and J. J. Kim, J.
Electrochem. Soc., 163, D185-D187 (2016).

125



Appendix III

Synthetic procedure of TEG-based levelers

according to the number of ammonium groups

* Yoonjae Lee in Laboratory of prof. Young Gyu Kim contributed to synthetic procedure.

TEG-based levelers according to the number of ammonium groups were studied in

Section 3.3.

1. General procedures

All the chemicals were obtained from commercial sources and were used without
further purification. Air or moisture sensitive reactions were carried out under nitrogen
atmosphere using oven-dried glassware. The reactions were monitored with TLC silica
gel 60 Fas4 plate, stained with a p-anisaldehyde or a ninhydrin stain solution. Column
chromatography was performed on silica gel 60 (70-230 mesh). 'H and '*C nuclear
magnetic resonance (NMR) spectra were measured at 400 MHz and 100 MHz,

respectively, in deuterated chloroform (CDCIl3) or deuterated methanol (MeOH-ds) with
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Bruker Avance-400. The 'H and '*C NMR spectroscopic data were reported in ppm (8)
from the internal standard (TMS, 0.0 ppm) or residual solvent peaks of CDCl3(7.26 ppm
and 77.16 ppm, respectively) or MeOH-ds (3.31 ppm and 49.00 pp m, respectively):
chemical shift (integration, multiplicity, coupling constant in Hz). High resolution mass
spectra (HRMS) were measured by the fast atom bombardment (FAB) ionization method

and analyzed with a magnetic sector mass analyzer.

2. Synthesis of butanol oxiranylmethyl ether (2)

Sodium hydride (55% NaH, 1,310 mg, 30 mmol) was slowly added to a solution of
butanol (1.84 mL, 20 mmol) dissolved in N,N-dimethylformamide (DMF, 8 mL) at 0 °C
and stirred for 30 min under nitrogen atmosphere. Then, tetrabutylammonium iodide
(BusN'T, 792 mg, 2 mmol) and allyl bromide (2.6 mL, 30 mmol) were added to a
reaction mixture and stirred at room temperature for 7 hrs. The reaction mixture was
quenched with addition of distilled water (2 mL), and the resulting mixture was
partitioned between diethyl ether (Et,O, 20 mL) and distilled water (10 mL). The
separated organic layer was washed with distilled water (10 mL X 2), and the combined

organic layers were dried over MgSQq, filtered, and concentrated under the reduced
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pressure. The obtained crude mixture of 1 and meta-chloroperoxybenzoic acid (75%
mCPBA, 4757 mg, 20.7 mmol) was dissolved in dichloromethane (CH,Cl,, 40 mL) and
the solution was refluxed for 6 hrs. Then, the reaction mixture was diluted with CH,Cl»
(20 mL) and washed with sat. NaHCO3 (20 mL x 3). The organic layer was dried over
MgSQ,, filtered, and concentrated under the reduced pressure. The crude mixture was
purified by silica gel column chromatography with the gradient eluents (16:1 to 8:1
hexane:EtOAc) to afford compound 2 (1,348 mg, 52% in two steps) as colorless oil; 'H
NMR (CDCls) 6 2.60-2.62 (2H, dd, J=4.8, 2.8), 2.78-2.81 (2H, dd, J/=4.8, 4), 3.15-3.18
(2H, m), 3.41-3.46 (2H, m), 3.65-3.71 (54H, m), 3.77-3.81 (2H, m); 1*C NMR (CDCls)
8 43.9, 50.5, 70.3, 70.5, 71.7; HRMS (FAB) calcd for CsHisO4" 175.0970 ([M+H]"), found

175.0974.

3. Synthesis of 2-(N,N-dimethylaminomethyl) ethylene glycol butanol

ether (3)

N,N-Dimethylamine (2 M in MeOH, 6 mL, 12 mmol) was added to 2 (314 mg, 2.4

mmol) at room temperature. After 12 hrs, the reaction mixture was concentrated under

reduced pressure to give 2-(N,N-dimethylaminomethyl) ethylene glycol butanol ether 3
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as yellowish 0il (2.3 g, 96%); 'H NMR § 2.31 (2H, m), 2.33 (12H, s), 2.48 (2H, m), 3.49
(2H, m), 3.57 (2H, m), 3.70 (4H, s), 3.90 (2H, m); 3*C NMR § 45.8, 61.9, 67.0, 70.9,

74.1; HRMS (FAB) calcd for C12H20N>O4" 265.2127 ([M+H]Y), found 265.2125.3

4. Synthesis of Lev A-1

Allyl bromide (0.38 mL, 4.4 mmol) was added to a solution of 2-(N,N-
dimethylaminomethyl) ethylene glycol butanol ether (3) in methanol 10 mL and the
resulting mixture was stirred for 12 hrs at room temperature. Then, the reaction mixture
was concentrated under the reduced pressure. The obtained crude mixture was diluted
with distilled water (10 mL), washed with EtOAc (10 mL x 2), and the combined aqueous
layer was concentrated under the reduced pressure to give Lev A-1 as viscous yellowish
oil (1,057 mg, 3.6 mmol); 'H NMR (CDCl;) 6 0.94-0.98 (3H, t, J=7.2), 1.39-1.44 (2H,
m), 1.55-1.61 (2H, m), 3.18-3.20 (6H, d, J=8.0), 3.38-3.46 (3H, m), 3.49-3.53 (3H, m),
4.07-4.17 (2H, m), 4.34-4.36 (1H, m), 5.72-5.76 (2H, m), 6.08-6.19 (1H, m); '*C NMR
(CDCI3) 6 44.4, 50.9, 70.7, 70.9, 72.1; HRMS (FAB) calcd for C2H2N>O4" 265.2127

(IM+H]"), found 265.2125.2
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5. Synthesis of glycerol triallyl ether (4)

Sodium hydride (55% NaH, 2,378 mg, 90 mmol) was slowly added to a solution of
glycerol (1.46 mL, 20 mmol) dissolved in DMF (25 mL) at 0 °C and stirred for 30 min
under nitrogen atmosphere. Then, tetrabutylammonium iodide (BusN'T, 3,928 mg, 6
mmol) and allyl bromide (7.8 mL, 90 mmol) were added to a reaction mixture and stirred
at room temperature for 8 hrs. The reaction mixture was quenched with addition of
distilled water (5 mL), and the resulting mixture was partitioned between Et,O (40 mL)
and distilled water (30 mL). The separated organic layer was washed with distilled water
(20 mL x 2), and the combined organic layers were dried over MgSQs, filtered, and
concentrated under the reduced pressure. The crude mixture was purified by silica gel
column chromatography with the gradient eluents (16:1 to 4:1 hexane:EtOAc) to afford
compound 4 (2,871 mg, 68%) as colorless oil; '"H NMR (CDCl;) 6 3.59-3.68 (50H, m),
4.03 (4H, m), 5.17-5.30 (4H, m), 5.87-5.97 (2H, m); '*C NMR (CDCI3) & 44.4, 50.9,
70.7, 70.9, 72.1; HRMS (FAB) calcd for Ci2H2N,O4" 265.2127 ([M+H]"), found

265.2125.
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6. Synthesis of glycerol tris(oxiranylmethyl) ether (5)

A solution of compound 4 (978 mg, 4.61 mmol) and meta-chloroperoxybenzoic acid
(75% mCPBA, 4,646 mg, 20.7 mmol) dissolved in dichloromethane (CH2Cl», 35 mL)
was refluxed for § hrs. Then, the reaction mixture was diluted with CH,>Cl, (30 mL) and
washed with sat. NaHCOs3 (40 mL x 3). The organic layer was dried over MgSOs, filtered,
and concentrated under the reduced pressure. The crude mixture was purified by silica
gel column chromatography with the gradient eluents (2:1 to 1:2 hexane:EtOAc) to
afford compound 5 (721 mg, 60%) as colorless oil; '"H NMR (CDCls) & 2.62-2.65 (3H,
m), 2.79-2.81 (3H, dd, J=4.8, 4.4), 3.14-3.18 (3H, m), 3.39-3.44 (2H, m), 3.55-3.67 (5H,
m), 3.72-3.75 (1H, m); 3.78-3.82 (2H, m), 3.90-3.94 (1H, m); *C NMR (CDCl;) & 44 4,
50.9, 70.7, 70.9, 72.1; HRMS (FAB) calcd for C12H20N,O04" 265.2127 ((M+H]"), found

265.2125.

7. Synthesis of glycerol tris[2-(N,N-dimethylaminomethyl)ethylene

glycol] ether (6)

N,N-Dimethylamine (2 M in MeOH, 12 mL, 24 mmol) was added to 2 (721 mg, 2.8
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mmol) at room temperature. After 12 hrs, the reaction mixture was concentrated under
reduced pressure to give glycerol tris[2-(N,N-dimethylaminomethyl)ethylene glycol]
ether 6 as yellowish oil (2.3 g, 96%); '"H NMR (CDCls) & 2.48-2.51 (18H, d, J=14.4),
2.62-2.71 (6H, m), 3.43-3.51 (4H, m), 3.54-3.66 (6H, m), 3.68-3.72 (1H, m), 3.92-3.98
(3H, m); *C NMR § 45.8, 61.9, 67.0, 70.9, 74.1; HRMS (FAB) calcd for C12H2oN>O4"

265.2127 (IM+H]"), found 265.2125.

8. Synthesis of Lev A-3

Allyl bromide (0.82 mL, 9.5 mmol) was added to a solution of glycerol tris[2-(N,N-
dimethylaminomethyl)ethylene glycol] ether (6) in methanol 15 mL and the resulting
mixture was stirred for 12 hrs at room temperature. Then, the reaction mixture was
concentrated under the reduced pressure. The obtained crude mixture was diluted with
distilled water (10 mL), washed with EtOAc (10 mL x 2), and the combined aqueous
layer was concentrated under the reduced pressure to give Lev A-3 as viscous yellowish
oil (2,069 mg, 2.7 mmol); 'H NMR (CDCls) 3.20-3.23 (18H, d, J=10.0), 3.46-3.50 (6H,
m), 3.52-3.60 (6H, m), 3.65-3.71 (4H, m), 3.80-3.83 (1H, m), 4.10-4.17 (6H, m), 4.41-

4.42 (3H, m), 5.75-5.78 (6H, d, J=11.2), 6.10-6.21 (3H, m); '*C NMR (CDCI3) & 44 .4,

132



50.9, 70.7, 70.9, 72.1; HRMS (FAB) calcd for C12H20N204" 265.2127 ([M+H]"), found

265.2125.3

A-ed) st
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