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ABSTRACT: Highly uniform Cu micropillars were electrodeposited on a Cu seed layer in a micropatterned photoresist in the
presence of binary levelers containing pyrrolidine and pyridine functional groups. The adsorption behaviors of binary levelers, i.e., 3-
hydroxy-6-(tert-butyl)pyridine and pyridinium tribromide in an electroplating bath were investigated by chronopotentiometry with
sequential injection of levelers and linear sweep voltammetry with a rotating disk electrode. From electrochemical analysis,
pyridinium tribromide composed of a positively charged pyridine ring was strongly adsorbed on the Cu seed surface, relative to 3-
hydroxy-6-(tert-butyl)pyridine. Additional microscopy, surface roughness, and nitrogen concentration analyses revealed that the
binary levelers were preferentially adsorbed on the center and the edge region of the Cu seed, resulting in a uniform Cu pillar profile.
The possible mechanism of highly uniform Cu pillar deposition was discussed in terms of the adsorption behaviors of the levelers
dependent on their molecular structures.

1. INTRODUCTION
Flip-chip technology has been widely used in semiconductor
packages on the basis of its small form factor, high-frequency
operation, and high I/O density.1,2 Copper (Cu) micropillar
bumps in miniaturization of the flip chips can enable a finer
pitch and reduced die size.2 In fine pitch, a uniform profile of
Cu pillars has been critical for ensuring good electrical
connections and reliability of the solder joint, since poor
coplanarity of Cu pillars results in short circuits or irregular
bumps in the solder bonding process.3 Many factors
influencing Cu electrodeposition related to inorganic-based
electrolyte chemistry, organic additive species, applied current
density, and the bath convection environment have been
reported in the context of achieving uniform pillar shape.3−6 In
particular, organic additives in the plating bath play a very
important role in controlling the shape and coplanarity of
deposited Cu pillars.7

To ensure good electrical connections and reliability of the
solder joint, the coplanarity of Cu pillars is controlled through
the synergistic effect of three additives: an accelerator, a
suppressor, and a leveler.4,5,8 Typically, bis-(sodium sulfoprop-
yl)-disulfide (SPS) as an accelerator and poly(ethylene glycol)
(PEG) as a suppressor are basic additives that have been

reported in multiple studies.9,10 Levelers composed of specific
chemical structures containing nitrogen could be preferentially
adsorbed on the protrusions of the substrate on which the
current concentrates, since the positively charged nitrogen-
based functional groups of levelers are electrostatically
attracted. Through such a process, the uniform surface can
be achieved by the increase in overpotential on the protrusion
and prevention of Cu deposition. As well known, the most
commonly used levelers in Cu electroplating are amine
functionality such as polyethyleneimine (PEI)11,12 and
quaternary ammonium compounds such as Janus Green B
and Diazine Black.13−15 Some previous works suggested that
the amine functional group plays an important role in the
leveler by preferentially adsorbing on the areas strongly
affected by electric fields when the high current density is
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applied.16,17 In contrast, quaternary ammonium with the only
nitrogen cation with a permanent positive charge is able to be
also adsorbed onto the restricted area by a high electric field
and block electrodeposition by electrostatic attraction,
resulting in a leveling effect on the substrate.16 However, it
should be noted that the planarization of Cu electroplating is
clearly beyond the commonly used leveler, since in most of the
cases, electroplated Cu micropillars have a domed or dished
surface rather than a flat topography.5

Herein, we designed novel binary levelers having pyrrolidine
and pyridine structures to realize Cu micropillars with uniform
thickness and a flat surface. 3-Hydroxy-6-(tert-butyl)pyridine
(HBP) and pyridinium tribromide (PTB) were adopted on the
basis of their different adsorption behaviors. HBP composed of
polar functional groups, such as hydroxyl or carbonyl groups,
prevented excessive inhibition of Cu deposition by the weak
adsorption on the cathode surface,18 while another cationic
leveler PTB containing positively charged nitrogen19 promoted
strong adsorption on the center area of the cathode, i.e., the
electric-field-concentrated region. Therefore, simultaneous use
of two levelers enabled a flat surface to be realized on the Cu
micropillars, as evidenced by the microscopy results.
Furthermore, to scrutinize the adsorption behaviors of the
two levelers, atomic force microscopy, galvanostatic potential
transient measurements, and secondary ion mass spectrometry
were carried out. This study provides a strategic approach to
prepare highly uniform Cu micropillar bumps for scientific and
practical advances in semiconductor fields.

2. EXPERIMENTAL DETAILS
2.1. Chemicals. Cupric sulfate pentahydrate (CuSO4·

5H2O), sulfuric acid (H2SO4), and hydrochloric acid (HCl)
were supplied from Daejung Chemicals. Bis-(sodium sulfo-
propyl)-disulfide (SPS, C6H12Na2O6S4) was purchased from
Alfa Chemistry. 3-Hydroxy-6-(tert-butyl)pyridine (HBP,
C9H13NO), pyridinium tribromide (PTB, C5H6Br3N), and
poly(ethylene glycol) (PEG, H(OCH2CH2)nOH, MW: 4000)
were purchased from Sigma-Aldrich.
2.2. Cu Pillar Electroplating. To prepare a semi-

conductor-grade bump patterned wafer, Ti with a thickness
of 50 nm as a barrier layer and Cu with a thickness of 1 μm as a
seed layer were deposited by the physical vapor deposition
(PVD) process. The photoresist (PR) for a bump with a
diameter of 50 μm and a height of 50 μm was patterned by
chemical development after photosensitization using an
ultraviolet beam lithography system (JBX-9300FS, JEOL
Ltd.), as shown in Figure S1.

The Cu electroplating bath was 160 g/L CuSO4·5H2O, 140
g/L H2SO4, and 50 mg/L Cl−. PEG and SPS were added to
the Cu bath as a suppressor and an accelerator, respectively.
The concentrations of PEG and SPS were, respectively, fixed at
150 and 15 mg/L in all experiments. This Cu bath is denoted
in the following as the base solution (BS). In addition to the
BS, two different levelers of 20 mg/L HBP and 20 mg/L PTB
were simultaneously added for the coplanarity of the Cu
micropillars, and their molecular structures are shown in Figure
1. The Cu electrodeposition was conducted using a three-
electrode system (VersaSTAT3, Princeton Applied Research)
in the BS containing different levelers such as HBP, PTB, and
coaddition of HBP and PTB. To achieve a 30 μm thickness of
the Cu pillars, a current density of 50 mA/cm2 was applied for
1628 s.

2.3. Electric Field Modeling. The electric field distribu-
tion in the PR was modeled by means of simulation software
(Quickfield 6.0, Tera Analysis Ltd). With PR geometry with a
diameter of 50 μm and a height of 50 μm, the simulation was
performed using the electrical conductivity (100 S/m) and
temperature (25 °C) of the Cu electrolyte. The potential was
fixed at −0.5 V and PR was set as a nonconductor (E = 0 V).
2.4. Morphology and Physical Characterization. After

electroplating, the surface morphology and coplanarity of the
Cu pillar were characterized by a confocal laser scanning
microscope (CLSM, LEXT OLS4100, Olympus) and by a field
emission scanning electron microscope (FE-SEM, JSM-7001F,
JEOL). Based on cross-sectional profiles obtained by a CLSM,
the nonuniformity of Cu pillars using randomly selected five
pillars was calculated according to the following equation

non uniformity (%)
maximum thickness minimum thickness

2 average thickness
100=

×
×

(1)

The morphology and surface roughness of the Cu deposits
were examined with an atomic force microscope (AFM, XE-
100, Park System). Nitrogen incorporated into the Cu
electrodeposit dependent on the levelers was determined by
secondary ion mass spectrometry (SIMS, PHI 6300, Physical
Electronics). The coordinate of the center and the edge on the
Cu pillar surface was carefully assigned to rule out the
interference zone (ca. 10 μm) by sputtering. The average
concentration of nitrogen was calculated at a depth profile
range from 5 to 10 μm Cu electrodeposited depth.
2.5. Electrochemical Measurements. The adsorption

kinetics dependent on the chemical species of levelers were
evaluated by chronopotentiometry and LSV (linear sweep
voltammetry). In the chronopotentiometry test, a constant
deposition current density of 50 mA/cm2 was applied for 540
s. To reflect the adsorption behaviors of HBP and PTB, the
potential transients for the patterned wafer and bared wafer
were monitored after injection of one leveler at 180 s and
subsequent injection of another leveler at 360 s. In the case of
LSV, the analyses were conducted with a three-electrode
system containing a photoresist-patterned wafer (geometric
area = 1.5 × 1.5 cm2) as the working electrode, a Pt-coated Ti
wire as the counter electrode, and a saturated sulfate electrode
(SSE) as the reference electrode. The LSV was recorded by
sweeping from 0 to −0.8 V at a scan rate of 10 mV/s, and the
rotation rate of the rotating disc electrode (RDE) was changed
from 400 to 1000 rpm.

The adsorption kinetics of HBP, PTB, and binary HBP +
PTB were evaluated by an electrochemical quartz crystal
microbalance (EQCM). The BS was used as the electrolyte,
which was the same solution used for Cu pillar electroplating.
EQCM measurements were performed using a potentiostat
(VersaSTAT III, PAR) equipped with a QCM922 module
(QCM922, Princeton Applied Research). The quartz crystal
frequency and current density were 9.04 MHz and 50 mA/

Figure 1. Molecular structures of (a) HBP and (b) PTB.
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cm2, respectively. The nonpatterned flat Cu electrodes with an
active surface area of 0.198 cm2 were used as substrates.

3. RESULTS
The Cu pillars are formed on the Cu seed layers in the bottom
of the photoresist holes. As shown in Figure 2, the electric field

tends to be only concentrated on the center of the seed layer
due to the high and narrow architectures as well as the
hydrophobicity of the photoresist. Typically, the convex pillar
shape is obtained due to the preferential Cu deposition on the
center of the seed by the concentrated electric field. To achieve
a uniform top surface of the pillars, Cu deposition should be
adequately inhibited at the center region, where the current
flux is concentrated.16,20 As well known, levelers play an
important role in the inhibition of Cu deposition due to their
strong adsorption on the current-concentrated center region.
Thus, we adopted levelers with a pyridine functional group and

an N-quaternized pyridine group, exhibiting different adsorp-
tion behaviors, and experimentally scrutinized the uniformity
of the Cu pillars.

To obtain a uniform profile of Cu pillars, Cu electro-
deposition was conducted with different levelers, i.e., HBP,
PTB, and a binary combination of HBP + PTB. As shown in
Figure 3a,e, the Cu pillar electroplated in the absence of a
leveler shows a dome-like shape with a nonuniform thickness
(ca. 11%). As expected, this is due to the fact that the transfer
of Cu cations was concentrated on the center region rather
than being uniformly distributed on the entire surface of the
Cu seed layer. The pillar shape in the presence of HBP also
showed a similar dome-like tendency of BS despite a decrease
in nonuniformity (6.3%) relative to the BS (Figure 3b,f).
Presumably, the weak adsorption of the HBP’s functional
group on the center region might lead to a convex shape. In
contrast, as can be seen in Figure 3c,g, the dish-like shape was
observed in the presence of PTB, which could be attributed to
the preferentially strong adsorption on the electric-field-
concentrated center region. To verify the shape of Cu pillars,
we further carried out the electrodeposition with various
concentrations of each leveler. As shown in Figure S2, the
convex and concave shapes were maintained without a
significant change in the thickness uniformity, although the
concentrations of HBP and PTB were varied, respectively. In
the case of the coaddition of HBP (20 mg/L) and PTB (20
mg/L), a highly uniform surface was obtained as evidenced by
a nonuniformity value of ca. 2.6% (Figures 3d,h and S3). The
possible mechanism of the formation of uniform Cu pillars in
the presence of binary levelers is comprehensively discussed
below.

According to results of top-view microscopy and surface
roughness, as shown in Figure 4, it was found that the Ra
values as the arithmetic mean surface roughness in the
presence of levelers were more than 2-fold smaller in
comparison to BS. This is due to the fact that the levelers
adsorbed on the Cu surface inhibited Cu growth, resulting in a
grain refinement effect.13,21,22 The center and edge roughness
of the Cu pillars were also measured to examine the adsorption
behaviors dependent on the electric field influence. Interest-
ingly, HBP showed almost identical Ra values regardless of the

Figure 2. Simulation of the electric field in the photoresist-patterned
wafer using Quickfield software.

Figure 3. FE-SEM tilted view and cross-sectional profile of Cu pillars obtained using (a, e) BS, (b, f) HBP, (c, g) PTB, and (d, h) binary HBP +
PTB.
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center and edge of the pillars, whereas the Ra of the center in
the presence of PTB was 26 nm lower than that of the edge
(Figure 4b−d). Thus, it could be postulated that PTB was
preferentially adsorbed on the center region, as evidenced by
tilted FE-SEM and confocal microscopy images exhibiting
dish-like concave shape pillars. In the case of the binary
combination of HBP + PTB, the Ra value was lower in
comparison with HBP and PTB and the Ra of the center was
relatively lower than that of the edge. This could be mainly
attributed to the complementary adsorption of binary levelers,
in which PTB was strongly adsorbed on the center region
during the weak adsorption of HBP on the entire Cu surface.

Chronopotentiometry was monitored to investigate the
adsorption behaviors of HBP and PTB for different substrates
of a patterned wafer and a bare wafer. Figure 5a shows the
corresponding changes in the cathodic potential from
sequential addition of HBP and PTB (red line) and PTB
and HBP (blue line) during the electrodeposition on the
patterned wafers. The potential increased from −0.25 to −0.33
V, following injection of HBP into the leveler-free base
electrolyte at 180 s. Sequentially, the potential was further
increased up to −0.44 V after PTB was injected into the
electrolyte containing HBP at 360 s. In the reverse order of
leveler injection, the first injection of PTB resulted in an abrupt
increase in the potential up to −0.39 V. The subsequent
injection of HBP also led to an increase in the potential value
to −0.44 V, identical to the transient potential value of the
sequential injection of HBP and PTB. The increased
overpotential with addition of PTB can be attributed to the
strong adsorption on the Cu surface, which blocks the active
sites of the cathodic reactions.23,24 Consequently, it was found
that PTB exhibited a higher potential change in comparison
with HBP, suggesting that the adsorption of PTB was stronger
than that of HBP. In addition, the same potential value after
360 s regardless of the injection sequence could be ascribed to
the different selective adsorption of HBP and PTB. To better

understand the adsorption behaviors of HBP and PTB,
chronopotentiometry was further conducted on a bare wafer,

Figure 4. FE-SEM top-view images and AFM topographies corresponding to (a) BS, (b) HBP, (c) PTB, and (d) binary HBP + PTB.

Figure 5. Graph of the measured potential (V) versus time (t) using
data collected from experiments performed in BS in which HBP and
PTB are sequentially added at 180 and 360 s, respectively, at (a) ø50
μm patterned wafer and (b) 1.5 cm × 1.5 cm bare wafer.
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providing a large area that is less affected by the electric field
concentration compared to patterned wafers with a complex
architecture including photoresists (Figure 5b). As soon as
HBP was injected at 360 s, the potential sharply increased to
−0.33 V and then slightly decreased until the steady state at ca.
−0.31 V was maintained. At 360 s, the subsequent injection of
PTB induced a gradual increase in the potential. The result
from the injection sequence of HBP and PTB suggested that
the functional group of HBP might be adsorbed on the entire
Cu surface, as represented by an abrupt increase in potential,
and the weak inhibitory effect of HBP led to the growth of Cu
deposit during the desorption of HBP, as shown by a slight
decrease in potential. As indicated by the gradual increase in
the potential after 360 s, PTB appeared to inhibit Cu growth
due to its strong adsorption nature. However, in the injection
sequence of PTB and HBP, the potential change was not
observable despite subsequent injection of HBP after the steep
increase in the potential in the presence of PTB. Considering
the large area of the bare wafer, it was believed that PTB was
strongly adsorbed on the entire Cu surface, since the large area
of the bare wafer was affected by the electric field, unlike a
patterned wafer. Thus, the constant potential in the injection
sequence of PTB and HBP may reflect strong adsorption of
PTB on the entire wafer, disabling the weak adsorption of
HBP.

To gain insights into the adsorption behaviors in terms of
mass transport, LSV on Cu RDE with a rotating speed in the
range from 400 to 1,000 rpm was carried out in the presence of
HBP and PTB, as shown in Figure 6. It is theoretically and
experimentally established that the current density increased
with the increase of the rotating speed of RDE due to the mass
transfer of cupric ions.25 From an examination of the LSV

curves in the presence of HBP (Figure 6a), similar inhibition
effects up to ca. −0.23 V were observable regardless of the
rotating speed of the electrodes. However, the current density
significantly increased with increasing rotating speed from 400
to 1000 rpm after a potential of −0.23 V. This increase in the
current density could originate from the decrease in the surface
coverage or weak adsorption of HBP, facilitating Cu
deposition. In the case of PTB, the Cu deposition in the
highly negative potential region up to ca. −0.53 V was strongly
inhibited even at a high rotation rate of the RDE, as revealed
by the steadily maintained current density in Figure 6b.
Typically, the halide ions such as Cl− and Br− can be adsorbed
on the Cu seed surface and subsequently form a cuprous
electron bridge and binds with PEG. This complex composed
of halide and cuprous ions and PEG is adsorbed on the entire
surface of the Cu layer and inhibits copper electrodeposition. It
was reported that the addition of Br− with the cationic additive
had a stronger inhibitory effect under a rapid convection
environment than Cl−.26 As a result, a constant potential could
be maintained even at a high speed of 1000 rpm by the strong
adsorption process of positively charged nitrogen of the
quaternary pyridine ring on the center region of the Cu seed
surface and the Br−based complex on the entire Cu surface. At
a practical current density of 50 mA/cm2 for the Cu pillar
electrodeposit, the potential change calculated to be 16 mV
was found to be much lower than the potential change (132
mV) of HBP. It is noticeable that the overpotential should be
decreased to cross the reaction barrier to achieve Cu
deposition, since the mass transportation of Cu ions was
accelerated with an increase in the RDE speed under the same
current density, i.e., the same deposition rate. However, the
overpotential in the case of PTB was nearly constant, which
was explained by the significant suppression of Cu deposition
that took place.

Mass change is an important clue for inferring the
adsorption behavior of levelers because the N-functional
species of levelers adsorbed on the Cu surface could be
predicted. Thus, to further elucidate the formation of flat Cu
pillars correlated with the adsorption behaviors of HBP and
PTB, the mass change was monitored by EQCM, and the mass
change of the electrodes (see Figure S4 and Table 1) was

converted from the value of the frequency change according to
Sauerbrey’s equation.27

m
A uq pq

Fq

freq

2 ( )2=
× × ×

(2)

where Δm is the mass change, Δfreq is the resonant frequency
change, A is the area of the active surface, μq is an AT-cut
quartz constant (2.947 × 1011 g/cm s2), pq is the quartz crystal
density (2.65 g/cm3), and Fq is the reference frequency (9.04
MHz). The current efficiency of Cu electrodeposition at an
applied current density of 5 ASD should be theoretically 100%,

Figure 6. Linear sweep voltammetry curves using a rotating disk
electrode in an electroplating solution containing (a) HBP and (b)
PTB.

Table 1. Summarized Change in Weight Value Based on
EQCM Measurements

conditions
Δmasstotal

(μg)
ΔmassLev − ΔmassBS

(μg)
adsorption rate

(μg/s)
BS 750.68
HBP 779.07 28.39 0.05
PTB 920.49 169.81 0.31
HBP + PTB 945.85 195.17 0.36
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since the standard reduction potential of Cu2+/Cu (E0 = 0.34
V) was much higher than that of 2H+/H2 (E0 = 0 V).
Accordingly, the difference in mass change could be obtained
in the presence of levelers, which went through the process
sequence of adsorption/desorption and incorporation into Cu
electrodeposition due to the fact that the Cu electrodeposition
rate should be the same regardless of different levelers. As a
consequence, the mass gain by adsorption of levelers was
drawn from the difference in mass change between BS as a
control and electrolytes containing levelers. Once 50 mA/cm2

was applied, the adsorption rate was calculated to be 0.05 μg/s
for HBP, 0.31 μg/s for PTB, and 0.36 μg/s for binary HBP +
PTB, indicating that the mass change sequence was binary
HBP + PTB > PTB > HBP. The higher change in mass in the
presence of PTB could primarily be related to electrostatically
sensitive adsorption, in view of the fact that the positively
charged nitrogen of the quaternary pyridine ring was strongly
adsorbed by the applied current. In contrast, it is likely that
HBP was weakly adsorbed on the liquid−solid interface by the
hydrophobic alkyl group rather than the adsorption of the
pyridinium cation through electrostatic attraction.28 Therefore,
it was found that binary HBP + PTB exhibited the highest
mass gain through the process of simultaneous adsorption,
which could be explained by relatively uniform surface
covering of HBP and the strong adsorption of PTB.

4. DISCUSSION
The results presented above exhibited that the coplanarity of
the Cu pillars was affected by adsorption behaviors in the
presence of HBP and PTB. Based on the molecular structures
of HBP, as shown in Figures 1a and S5, the pyridine functional
group could be partially changed to the pyridinium cation
composed of positively charged nitrogen by the interactions of

hydrogen ions, since pyridine and the pyridinium cation in
acidic solution coexist in equilibrium.29,30 In addition, HBP
composed of the terminal −CH3 of the alkyl group and the
hydrophilic hydroxyl functional group played a role of the
surfactant. Actually, the wettability of HBP was better than that
of PTB, as evidenced by the results of a smaller contact angle
on the PR and Cu seed layer (see Figure S6). Thus, it is
believed that HBP was adsorbed on the Cu entire surface,
although pyridinium partially formed from the interaction with
hydrogen could be adsorbed on the Cu surface by electrostatic
force. In the case of PTB, the pyridine ring has a consistently
positive charge, unlike HBP (see Figure 1b). It should be
noted that this unique structure, i.e., a positively charged
quaternary pyridine ring, favored adsorption on the center of
the Cu surface due to the electrostatic attraction.

The schematic illustrations of the different shapes of Cu
pillars dependent on levelers are provided in Figure 7. On the
basis of the similar surface roughness regardless of the
measurement coordinates in the presence of HBP, it was
found that the adsorption involving the hydrophobicity of the
alkyl group was dominant rather than the electrostatically
attracted adsorption by the formation of positively charged
nitrogen. As represented by the potential change with RDE
speed, HBP tended to be desorbed at a practical current
density of 50 mA/cm2. The small amount of almost identical
nitrogen concentration (4−6 ppm within the error range)
detected by SIMS and the lowest mass gain from EQCM
further suggested that the desorption derived from weak
adsorption occurred, as listed in Tables 1 and 2. HBP thus
could exert an inhibitory effect even on the edge of the Cu
seed layer, which is less sensitive to the electric field, but the
growth of Cu deposition on the center region was inevitable
due to the weak adsorption strength of HBP. As a result, a

Figure 7. Schematics of shape variation in the electroplated Cu pillar by (a) HBP, (b) PTB, and (c) binary HBP + PTB.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05646
ACS Omega 2022, 7, 36880−36887

36885

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05646/suppl_file/ao2c05646_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05646/suppl_file/ao2c05646_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05646?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05646?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05646?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05646?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dome-like shape of Cu pillars could be obtained, as displayed
in Figure 7a.

In contrast, PTB having quaternized nitrogen exhibited a
substantially stronger adsorption nature relative to HBP
consisting of pyrrolidine functionality. From the electro-
chemical studies, the potential of PTB was higher than that
of HBP, and the potential change at a current density of 50
mA/cm2 was not observable with increasing rotating disk
speed. This suggests that the positively charged nitrogen
migrated to the cathodic Cu surface by electrostatic attraction,
and therefore, Cu deposition was strongly inhibited.
Importantly, it was revealed that the nitrogen concentration
of the center was much greater than that of the edge (see Table
2), indicating that an increase in the population of PTB at the
center surface was correlated with the positively charged
pyridine ring. This incorporation of a positively charged
pyridine ring could contribute to the inhibitory effect at the
center of the Cu deposit and result in a dish-like surface, as
shown in Figure 7b.

In the case of HBP + PTB, the same potentials from
chronopotentiometry were observed regardless of the injection
sequence. This was likely due to the inhibitory effects of HBP
and PTB originating from the complementary adsorption on
the entire Cu seed layer and the center region. The measured
Ra value and nitrogen concentration also indicated that HBP
remained adsorbed on the edge of the Cu surface, whereas
PTB was incorporated into the center by the following electric
field pathway during the desorption of HBP from the center of
the Cu surface. A binary leveler of HBP + PTB showed similar
behaviors of individual HBP and PTB, which affected the
synergistically inhibitory effect on the center and edge regions.
Therefore, highly uniform Cu pillars could be formed, as
shown in Figure 7c.

5. CONCLUSIONS
Cu pillars were electrodeposited on the Cu seed layer in a
micropatterned photoresist in the presence of binary levelers of
HBP and PTB with different functional groups. From
electrochemical analysis, PTB composed of a positively
charged pyridine ring was strongly adsorbed on the Cu seed
surface, relative to HBP having an alkyl group with a
hydrophobic nature. It was also revealed that the preferential
adsorption of PTB on the center of the Cu seed derived from
the electrostatic attraction, whereas the adsorption of HBP
remained only at the edge region due to the desorption process
on the center. Using binary HBP + PTB, the inhibitory effect
on the entire surface contributed to uniform Cu deposition in
contrast with the usage of a single leveler. Thus, it was
concluded that the high coplanarity of the Cu pillars related to
the adsorption behavior of binary levelers will substantially
contribute to the high reliability of fine pitch bumps in the
three-dimensional (3D) IC manufacturing field.
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