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Abstract: Cobalt is a promising material for electronic
interconnections in the post-Moore law period. However,
the vertical cobalt pillar is not fully compatible with the
current electroplating-involved manufacturing process due
to hydrogen evolution at the cathode and poor throwing
power of the products. In this article, electrodeposition
with multiple organic additives was employed to realize
the fabrication of cobalt pillars. Electrochemical measure-
ments were used to investigate the depolarization of 3-
mercapto-1-propane sulfonate sulfonic acid (MPS) and
the polarization of the polyvinylpyrrolidone (PVP) during
cobalt electrodeposition. Notably, the competitive adsorption
between MPS and PVP was verified and discussed in cobalt
electrodeposition. In order to understand the adsorption
and functional groups of the additives, quantum chemical
calculations were performed to simulate the distribution of
electrostatic potential and molecular orbital energy of the
additives. Accordingly, the thiol group of MPS and the amide
group of PVP were speculated to be the molecular adsorption
sites in cobalt electrodeposition. The mechanism including
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three stages was proposed for cobalt pillar electrode-
position in solution with MPS and PVP. The electrodeposi-
tion of practical cobalt pillars with a depth of 50 pm and
diameters of 60, 80, and 100 pum was successfully achieved
by electroplating experiments, thereby promoting the
application of metal cobalt for electronic packaging.

Keywords: cobalt electrodeposition, additive, cobalt pillar,
adsorption

1 Introduction

With the booming development in the miniaturization of
electronic products in the 5G era, the system-in-package
technology and chip interconnection have reached the
scale of a single micron in recent years [1,2]. However,
copper as one of the major conductors can hardly fulfill
all the needs of functions including low resistance and
capacitance (RC) delay and low bulk resistivity for signal
transmission embedded in chips because of the inherent
long electron mean free path, high thermal expansion
coefficient and low effective resistance at the contact
interface of copper [3-9]. Cobalt as an alternative con-
ductor is an excellent substitute for copper in particular
electronic applications [10—13]. It has been widely attempted
to use cobalt as a magnetic alloy material for miniaturized
magnetic electronic components, memory devices, and
other special apparatus [14]. As a good candidate of alter-
native metal in the post-Moore law period, cobalt exhibits
several advantages such as the low electron mean free
path and low thermal expansion coefficient [15,16]. In
this way, it is reasonable to assume that the cobalt struc-
tures from the compatible electroplating process will pro-
mote the productivity and reliability of cobalt formation.
Electronic interconnection in the vertical section can be
realized by metal pillars in three-dimensional (3D) packaging.
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However, conventional pillar electrodeposition has not
been widely implemented for cobalt yet because of the
hydrogen evolution and poor electrodeposited throwing
power [17,18]. In the cobalt pillar electrodeposition, the
growth of cobalt along the wall of the hole is faster
than that in the middle, leading to the overgrowth out-
side of the hole without enough cobalt deposition in
the middle.

It is well-known that organic additives can effectively
improve the quality of electroplating, especially in coating
uniformity and filling completeness. Additive mixtures
facilitate the super-filling of holes by adjusting the over-
potential and the kinetics of plating in damascene copper
electrodeposition [19]. The accelerator and various levelers
were investigated in copper micro-via filling, and the con-
vection-dependent adsorption of additives was proposed
[20,21]. In cobalt electrodeposition, the cobalt nucleation
and the morphology of nanograin were also affected by
organic additives and electrolytes [22,23]. The group of
additives for metal electrodeposition mainly contains
accelerators and inhibitors. The selective adsorption
(such as convection adsorption) of accelerators and
inhibitors causes a higher deposition rate at the bottom
of the hole than the rate outside the hole, leading to a
complete hole filling [24]. The accelerator for metal elec-
trodeposition, such as 3-mercapto-1-propane sulfonate
sulfonic acid (MPS), is a crucial additive in the copper
hole filling [25]. Previous studies indicated that MPS
molecules adsorbed on the surface of the copper layer
through the sulfhydryl group, while the sulfonic acid
group captured copper ions in solution to accelerate
the deposition of copper [26]. Cobalt performs close elec-
tron-donating and -accepting ability similar to copper so
similar additives could be chosen during electrodeposi-
tion. However, current studies on the mechanism of MPS
are still insufficient to explain cobalt pillar electrodeposi-
tion and the cobalt hole filling. On the other hand, inhibi-
tors are usually necessary for metal electrodeposition. The
inhibitor molecules can selectively adsorb on the surface
of the metal layer or generate complex with metal ions to
improve the quality of the metal coating and electrode-
position efficiency [27]. For instance, polyvinylpyrrolidone
(PVP) undergoes a convection-dependent adsorption inhi-
bition effect on cobalt electrodeposition [28]. The PVP
molecule has great absorption at sites with strong convec-
tion (such as the upper part of the hole). In contrast, the
sites with weak convection (such as the bottom of the hole)
has relatively low PVP absorption, thereby making PVP a
suitable additive in the hole filling for cobalt electrode-
position [28]. However, PVP brings an inherent suppres-
sing effect on the overall deposition rate and the quality of
the deposited cobalt layer, so the practical application of
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PVP is hindered in the manufacture of cobalt devices. In
this article, competitive adsorption of MPS and PVP in
cobalt electrodeposition was proposed first and cobalt
pillar was successfully realized. Notably, the morphology
of cobalt particles was modified and the uniformity of the
cobalt layer was improved.

In this work, the polarization of PVP and depolariza-
tion of MPS in cobalt electrodeposition were investigated
by the electrochemical method. The corresponding com-
petitive adsorption of MPS and PVP was discussed during
cobalt pillar electrodeposition. Quantum chemical calcu-
lations for simulation on the distribution of electrostatic
potential and molecular orbital energy helps to explain
the adsorption behavior of the additives. The mechanism
of three stages was proposed for the electrodeposition of
the cobalt pillar. Furthermore, cobalt pillar electrode-
position was successfully carried out in solution with
MPS and PVP by galvanostatic electrodeposition.

2 Experimental study

2.1 Electrochemical measurements

The electrochemical actions of MPS and PVP were analyzed
by cyclic voltammetry (CV) and the galvanostatic method
(GM). Metrohm electrochemical workstation (PGSTT302N)
was used with a 5mm-diameter platinum rotating disk
electrode (Pt-RDE), a Pt rod, and a saturated Hg/Hg.SO,
reference electrode (0.615V vs S.H.E.). The CV tests were
conducted in a cell with 200 mL of electrolyte containing
0.3 mol/L cobalt sulfate heptahydrate (CoSO,-7H,0),
0.57 mol/L boric acid (H;BO3), and 0.84 mmol/L cobalt
chloride hexahydrate (CoCl,-6H,0), labeled as solution 1.
The solution with 0.3 mol/L CoSO,-7H,0, 0.57 mol/L
H5BO;, 0.84 mmol/L CoCl,-6H,0, and 7 mg/L MPS was
labeled as solution II. GM tests were performed in a cell
containing 0.3 mol/L CoSO,-7H,0 and 0.57 mol/L H;BOs.

2.2 Quantum chemical calculation

The quantum chemical calculation is a useful method in
the simulation of interface interaction to analyze the
highest occupied molecular orbital (HOMO), lowest un-
occupied molecular orbital (LUMO), and molecule elec-
trostatic potential (ESP) of PVP containing six monomers
[29-34]. Gaussian 09 package was used to calculate the
orbital energy and electrostatic potential [35,36]. The
density functional theory (DFT) optimization was chosen
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in quantum chemical calculations. The settings for the
Gaussian calculation include the B3LYP method in an
aqueous solution, lanl2dz, and 6-311G+(d,p) settings
[37-41]. The energy gap Egap of molecules is a sum of
Eiumo and Eyomo, and represents LUMO and HOMO
values of molecules:

EGap = Erumo — Exomo- 1)

2.3 Electrodeposition

The cobalt electrodeposition was conducted in a 500 mL
bath with a direct current from the DC power supply (INT-
ERLOCK IPD-3305SLU). Cobalt electrodeposition was per-
formed in the solution containing 0.3 mol/L CoSO,-7H,0,
0.57 mol/L H5BO;, and 0.84 mmol/L CoCl,»6H,0. PVP (100 g/L)
and 1 g/L MPS were prepared in advance for the injection in
the electroplating solution before electrodeposition. RuO,-
coated titanium was connected to the cathode of the power
and 2 L/min airflow was used to improve the convection in
the electroplating solution. Cobalt was electrodeposited on
the copper layer on a printed circuit board (PCB) with photo-
polymer film after imaging transfer at a current density
of 10 mA/cm? The depth of the hole in the photopolymer
film was 50 pm and three different diameters of the holes
were 100, 80, and 60 pm, respectively. A scanning electron
microscope (SEM, HITACHI S3400) was used to analyze the
morphology, while a metallographic microscope (ASIDA-
JX23RT, China) was used to observe the top view and
cross-section of the cobalt pillar. The crystal phases of the
coating were measured by an X-ray diffractometer (Rigaku
MINIFLEX 600). The roughness tests of the coating were
observed by a 3D measuring laser microscope (Olympus
S$4100) and the contact angle was measured by a contact
angle tester (JY-PHa, China).

3 Results and discussion

3.1 Competitive adsorption of MPS and PVP

The effect of MPS on cobalt electrodeposition was inves-
tigated to observe the electrochemical behavior with elec-
trochemical measurements. As shown in Figure 1a, the
oxidation peak current density (from 1.72 to 2.08 A/dm?)
and the cobalt oxidation area increases when 7 mg/L MPS
is added to solution I. The change of the peak current
density and oxidation area indicates the promotion of
the cobalt electroplating process. In addition, the potential
during cobalt deposition is shifted positively, revealing
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that MPS with a depolarization effect accelerates the
electrodeposition of cobalt. With the addition of MPS,
the stripping peak current density further increases to
enhance the depolarization behavior during cobalt elec-
trodeposition. The GM tests were also employed to verify
the depolarization effect of MPS in cobalt electrodeposi-
tion (Figure 1b). As shown in Figure 1b, the potential
shifted positively from -1.476V to -1.362V after the
addition of 7 mg/L MPS. This potential pattern indicates
that MPS has a significant acceleration effect on cobalt
electroplating.

The electrochemical performance of the solution with
MPS and PVP is further investigated to analyze the com-
petitive adsorption behavior of MPS and PVP. The inhi-
bitive effect and adsorption behavior of PVP in cobalt
electrodeposition has been reported in the previous work
and the oxidation peak current density reduces obviously
with the addition of PVP in the solution without MPS [28].
In this work, as shown in Figure 1b, the inhibition behavior
of PVP is also observed in the solution with MPS because
the potential sharply dropped by 33 mV after the addition
of 5mg/L PVP. In addition, as presented in Figure 2a, the
oxidation peak current density decreases when 5mg/L
PVP is injected into the plating solution with 7 mg/L
MPS. In contrast, the decrease of the peak current density
in the previous work is higher in the plating solution
without MPS [28]. Overall, solution II containing both
7mg/L MPS and 5mg/L PVP still exhibits an inhibition
behavior on cobalt electrodeposition although the inhibi-
tion of PVP is attenuated by MPS. Meantime, in Figure 2b,
a current density of —1.6 V for the solution with the addi-
tion of both MPS and PVP is generally lower than the one
with only MPS or without additives. The above changes of
the oxidation peak current density, deposition potential,
and electrodeposition current density are attributed to the
dynamic adsorption status of MPS and PVP molecules in
the plating solution. In the first stage, the adsorption spon-
taneously occurred after MPS was added to the solution. In
the presence of MPS in the solution, the sulfhydryl groups
for the transfer of electrons and sulfonate groups for cap-
turing the metal cations synergistically contribute to accel-
erating the deposition of metal cations [42,43]. However,
the adsorption sites of MPS are partially replaced with PVP
when PVP is added in the solution with MPS because PVP
is attracted to the cathode surface and weakens the accel-
eration level of MPS. In the previous work, convection-
dependent adsorption of PVP was verified to cause the
diverged deposition rate between the bottom and the out-
side of the holes [28]. Therefore, the cobalt deposition rate
on the outside of the hole could be relatively inhibited by
PVP. Meanwhile, MPS, as a relatively small molecule, is
able to diffuse into the hole easily and accumulate in the
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Figure 1: CV plots of cobalt plating solutions with MPS (a) Time—potential curve with the addition of PVP and MPS (b). The basic solution in
(a) contains 0.3 mol/L CoS0,-7H,0, 0.84 mmol/L CoCl,-6H,0 and 0.57 mol/L H3BO5. The basic solution in (b) contains 0.3 mol/L

C0S0,-7H,0 and 0.57 mol/L H3BOs.

bottom of the hole. As a result, the deposition rate of cobalt
increases at the bottom of the hole.

3.2 Quantum chemical calculation

The quantum chemical calculation was considered to
illustrate the adsorption and predict the potential adsorp-
tion sites of MPS and PVP. At first, the molecule was
constructed. Then, the molecule was input into the Gaussian
and calculated the structure optimization. The calculation
results were displayed after visualization processing in Gauss
View. The molecular frontier orbital theory claims that the
energy value of HOMO and LUMO for the molecules are the
dominant factors in chemical reactions [37]. Furthermore,
the HOMO energy value (Ezomo) of a molecule suggests the
tendency to lose electrons when the LUMO energy value
(ELumo) represents the tendency of accepting electrons.
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The molecule with higher Eyomo and Ej yyo shows stronger
electron-donating ability and stronger electron-accepting
ability, respectively [44]. In this work, the calculation
results in Figure 3 presented the status of HOMO and
LUMO of PVP containing six monomers. As shown in
Figure 3, Exomo and Epymo values of PVP are —-6.623 and
—0.343 eV, respectively. Similar simulated values have
been reported in another work for PVP (four monomers)
[28]. The distribution of HOMO and LUMO orbitals of PVP
in Figure 3a and c implies that the amide group of PVP
mainly contributes to the HOMO. Amide groups in PVP are
probably the electrophilic attack site for adsorption on the
surface of the cobalt cathode.

Multiple studies have reported that MPS molecules
adsorb on the surface of the copper layer through the sulf-
hydryl groups, and the sulfonic acid group captures copper
ions in solution to accelerate the deposition [45,46]. HOMO
and LUMO of MPS were calculated in this work, and the
energy values of HOMO and LUMO for MPS were —6.955
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Figure 2: CV plots of cobalt plating solutions (a and b). Panel (b) is an enlarged view of the potential in Figure 1a from -1.6 to -1.0 V. The
solution in this work contains 0.3 mol/L CoS0,-7H,0, 0.84 mmol/L CoCl,-6H,0, 0.57 mol/L H3BO3, and 7 mg/L MPS, labeled as solution II.
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Figure 3: The simulated LUMO of PVP (a) and MPS (b). The simulated HOMO of PVP (c) and MPS (d).

and -0.843 eV, respectively. The HOMO status of MPS in
Figure 3d indicates that the thiol group of MPS possesses
the major space of HOMO so the thiol group is probably the
electrophilic attack site. Notably, the value of the energy
gap of PVP (6.28¢V) is close to that of MPS (6.122eV),
indicating similar chemical reactivities of PVP and MPS
on the surface of cobalt. The computational result is con-
sistent with the fact that MPS and PVP sustain competitive
adsorption in cobalt electrodeposition.

The influence of functional groups of MPS and PVP
on the cobalt electrodeposition was also illustrated by
ESP results to understand the mechanism of adsorption
and polarization of additives as displayed in Figure 4. The
results of the ESP calculation graphically present the elec-
tron density contribution of groups to determine the pos-
sible chemical reaction sites. Figure 4a shows that the PVP

(a)

ESP(Kcal/mol)

containing six monomers has the lowest ESP value of
—-69.65 kJ/mol and a highest ESP value of 46.89 kJ/mol. A
lower ESP value means higher electron density so the elec-
tron density distribution of PVP illustrates that amide
groups with a high electron density contribute to the prob-
able adsorption site during cobalt electrodeposition. How-
ever, the MPS molecule shows the lowest ESP value of
-32.74Kk]J/mol and a highest ESP value of 59.01k]J/mol as
shown in Figure 4b. Thus, the thiol group of MPS with a
high electron density could lead to the favorable site for
the electrophilic attack reaction, so the thiol group is prob-
ably the adsorption site during cobalt electrodeposition.
Based on the above electrochemical characterization
and quantum chemical calculation, the mechanism including
three stages is proposed for the cobalt pillar electrodeposition
in Figure 5. In the first stage, cobalt atoms are electrodeposited

ESP(Kcal/mol)

59.01
45.90
32.80
19.69
6.58
6.53
19.63

32.74

@ oxygen atom @ nitrogen atom ) sulphuratom @ carbonatom ) hydrogen atom

Figure 4: Electrostatic potential distribution on the surface of molecular van der Waals of PVP containing six monomers (a) and MPS (b).



1214 —— Xiuren Ni et al.

Initial stage

@ MPS

Advance stage

DE GRUYTER

N 9|

o
To cm c

Final stage

{ PpvP

Figure 5: The strategy of three stages for the pillar electrodeposition in solution with MPS and PVP.

on the bottom of the hole and then grow along the wall of
the hole with the formation of the cobalt nanoparticles
layer. In a solution with MPS and PVP, cobalt deposition
is suppressed on the upper part of the hole but the rate of
cobalt atom deposition is promoted on the bottom of the
hole. In the second stage, MPS and PVP molecules both
adsorb to the cobalt surface in the presence of chloride
ions. In this way, PVP suppresses the growth of coballt,
especially in the area with stronger convection when
MPS and PVP are added to the plating solution. In the
third stage, the deposition of cobalt on the upper side of
the hole is inhibited more than that in the hole. In fact,
MPS with a small molecule structure easily diffuses into
the hole so that it accelerates the deposition process of
cobalt. As a result, on the upper side of the hole, cobalt
deposition is suppressed but on the bottom cobalt growth
is accelerated, thereby leading to the balanced deposition
rate and successful filling for regular manufacture.

Cu

resin substrate :

3.3 Cobalt electrodeposition

With the aid of MPS and PVP, cobalt pillars are achieved
by cobalt hole super-filling (Figure 6a and b). The cobalt
electrodeposition was conducted in the bath and the
cobalt pillar was fabricated in the solution with compe-
titive adsorption of MPS and PVP (Figures S1 and S2). The
cross-sectional slice and top view of the cobalt pillar were
observed by a metallographic microscope. As displayed
in Figure 6c, the diameter of the filled hole is 100 pm. In
the case without additives, it is very hard to fully fill the
hole that a large amount of cobalt is only electrodepos-
ited on the upper edge (Figure 6d). The failed filling is
caused by the stronger convection outside the hole of the
photopolymer so that the cobalt deposition outside the
hole is faster than that inside the hole and results in a
conformal deposition. With the addition of 7 mg/L. MPS
and 300 mg/L PVP, the hole of the photopolymer is

Figure 6: Cross-sectional slice of the holes before electrodeposition (a) and the electrodeposited cobalt-filled holes (b). Top view of the
holes before cobalt electrodeposition (c). Top view of the hole after cobalt electrodeposition in solution without additives (d) and with

7 mg/L MPS and 300 mg/L PVP (e).
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Figure 7: SEM images of the electrodeposited cobalt in solution without additives (a) and with only 7 mg/L MPS (b), only 300 mg/L PVP (c),
7 mg/L MPS, and 300 mg/L PVP (d). The XRD pattern of the electrodeposited cobalt (e). 3D roughness tests of the electroplated cobalt
surface and the contact angle images of the plating solution on the electrodeposited cobalt without additives (f and h) and with 7 mg/L MPS

and 300 mg/L PVP (g and i).
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successfully filled to generate cobalt pillars. In cobalt
pillar electrodeposition, 7 mg/L MPS was added in solu-
tion considering the depolarization effect of MPS and loss
of MPS. PVP (300 mg/L) was chosen in order to ensure
the effect of polarization and improve the morphology of
the electrodeposited cobalt as a surfactant.

The top view of the cobalt pillar in Figure 6e and the
cross-sectional view of the pillar in Figure 6b both verify
that the holes are filled without any overgrowth of cobalt
extending outside the holes, thereby leading to the balanced
deposition rate and successful filling for the regular
manufacture.

Besides, MPS and PVP have a considerable effect on
the crystallization and morphology of the electrodepos-
ited cobalt. As illustrated in Figure 7a, the solution
without additives leads to scattered cobalt deposition,
and the nanoparticles on the cobalt surface cover a
wide range of sizes. In the solution with only 7 mg/L
MPS, the result in Figure 7b indicates that MPS improves
the formation of large size cobalt particles due to the
acceleration of MPS in cobalt electrodeposition. As shown
in Figure 7c, in the solution with only 300 mg/L PVP, the
electrodeposited cobalt particles are refined to generate
the flocculent structure on the surface. Notably, with the
addition of MPS and PVP (Figure 7d), the cobalt particles
turn to be electrodeposited compactly and uniformly because
nano cobalt particles gradually grow to form the cobalt pillar.
XRD patterns in Figure 7e show that (1010), (1121), (1011),
(2240), and (3141) directions are observed for the cobalt
growth with a hexagonal structure. In the solution with
only PVP, cobalt electrodeposition is effectively inhibited
wherein the XRD pattern of the copper substrate also
appears. The XRD results indicate that MPS enhances the
diffraction peak intensity of the cobalt 2240 direction and
PVP reduces it. The introduction of MPS accelerated the
growth of the 2240 crystal plane, while PVP inhibited the
growth of the 2240 surface due to the adsorption of MPS
and PVP in the above discussion.

The addition of two additives could synergistically
make the cobalt surface finer and uniform. The unifor-
mity of the electrodeposited cobalt surface was further
examined by 3D roughness tests. The value of S, repre-
sents the arithmetic mean of the height values of all the
peaks and troughs and a lower S, value indicates a better
uniformity of the surface. As shown in Figure 7f and g,
the S, value of the electrodeposited cobalt in solution
with additives is significantly lower than the one without
additives, verifying that the coexistence of MPS and PVP
promotes uniformity of the cobalt surface. In addition,
the wettability of the plated metal surface was evaluated.
In Figure 7h and i, the contact angle of the solution on the
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cobalt substrate without additives is more than 75° and
the surface contact angle is less than 36° with the addi-
tion of MPS and PVP. The wettability of the plating solu-
tion on the cobalt surface was substantially improved,
which might be attributed to the interfacial reaction
and hydrogen release in cobalt electrodeposition [47].
In summary, the additives effectively improved the uni-
formity of the electrodeposited cobalt and make the
cobalt layer finer.

4 Conclusion

MPS and PVP as additives exhibit the function of accel-
eration and inhibition during cobalt electrodeposition,
respectively. They undergo competitive adsorption beha-
vior in cobalt electrodeposition and some adsorption
sites of MPS are replaced by PVP. The adsorption site
was calculated by quantum chemical calculations. The
amide groups of PVP and thiol groups of MPS are prob-
ably the adsorption sites in cobalt electrodeposition.
Besides, the amide groups of PVP mainly contribute to
the HOMO orbital as a probable main electrophilic attack
region. The cobalt pillars with different diameters are suc-
cessfully fabricated with the use of competitive adsorption
between MPS and PVP. In this way, the additives of cobalt
electrodeposition can effectively control the process of
electrodeposition and a uniform cobalt deposition could
be obtained. Cobalt electrodeposition has great potential
in system-in-package, and this work facilitates the theore-
tical research and application of cobalt pillar in electronic
interconnection. Synthesis of additives and more theore-
tical studies focusing on the working mechanism of the
additives in cobalt electrodeposition are expected in the
future.
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