Open Access Article. Published on 31 May 2022. Downloaded on 7/28/2025 8:06:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2022, 12, 16153

Xulingjie Teng,

@ Zhihua Tao,

ROYAL SOCIETY
OF CHEMISTRY

(3

1-(4-Hydroxyphenyl)-2H-tetrazole-5-thione as
a leveler for acid copper electroplating of microvia

*a Zhiyuan Long,® Guanting Liu® and Xuefei Tao®

Microvia filling by copper electroplating was performed using plating solution with 1-(4-hydroxyphenyl)-2H-

tetrazole-5-thione (HPTT) as the leveler. Galvanostatic Measurements (GMs), Linear Sweep Voltammetry (LSV)
and Electrochemical Impedance Spectroscopy (EIS) tests were carried out to investigate the electrochemical
behaviors of HPTT and its synergistic effect with other additives, in comparison with 1-phenyltetrazole-5-
thione (PMT). GMs showed a convection-dependent interaction between PEP and HPTT. LSV and EIS tests
indicated both HPTT and PMT enhanced the inhibition effect of PEP, and the synergistic effect of HPTT
and PEP was stronger than that of PMT. Cross-section images illustrated the filling rate of the microvia with
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a 150 pum diameter and a 75 pm depth was 95.6% in 60 minutes with HPTT as the leveler. Frontier

Molecular Orbitals (FMO) and Electrostatic Potential (ESP) of HPTT and PMT using quantum chemical

DOI: 10.1039/d2ra02274e

rsc.li/rsc-advances

1. Introduction

Copper electrodeposition is of great significance for high-density
interconnector printed circuit board (PCB) fabrication."” The
electrical interconnection of conductive layers can be achieved by
microvia filling known as superfilling or bottom-up filling. To
implement void-free electrodeposition for microvia, introduction
of chemical additives such as chloride ion, suppressors (e.g
polyethylene glycol (PEG) and triblock copolymer comprised of
propylene oxide-ethylene oxide-propylene oxide (PEP)), acceler-
ators (e.g. bis-(3-sulfopropyl)disulfide (SPS)) and levelers (e.g
Janus Green B, JGB) at low concentration is essential.**
Chloride ions have an accelerating effect on copper deposition
as well as a synergistic effect with the accelerator.® At the same
time, the suppressor requires the presence of Cl~ to exert its
inhibitory effect. Suppressors are generally macromolecular poly-
ether compounds. They are mainly adsorbed on the surface of
plated parts, forming an adsorption film with CI™ that blocks the
diffusion of Cu®'.” Owing to the competitive adsorption with
suppressors, accelerators are mainly adsorbed at the bottom of
microvias, reducing the energy for the reduction of copper ions
and accelerating copper electrodeposition by the sulfonate group.®
Indispensable for electroplating systems with suppressors and
accelerators, levelers can inhibit copper ion deposition outside the
microvia by the synergistic effect with suppressors so as to
improve the filling performance.’ Quaternary ammonium salts are
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calculations predicted the reaction sites for electrophilic and nucleophilic attack. Quantum chemical
calculations suggested that HPTT is easier than PMT to bond to a copper surface and PEP.

commonly used levelers, including Janus green B (JGB), Diazine
black (DB), methylene blue (MB), Alcian blue, (ABPV).'**?
Commercial application of quaternary ammonium salts as
levelers is facing problems of quality and environmental pollution.

Various schemes, for example, low molecular compounds
with specific functional groups, have been proposed to address
quality and environmental pollution issues.>*'** Organic
molecules with heteroatoms of nitrogen (N), sulfur (S) and
conjugated m-1 bonds are adsorbed well on the surface of
copper.**® Small molecule levelers with these characteristics,
such as 4-amino-2,1,3-benzothiadiazole and 4,6-dimethyl-2-
mercaptopyrimidine (DMP), have appeared in previous
reports.*** However, they are still in the preliminary research
phase and the mechanism of adsorption still remains unclear.

HPTT has a low cost and similar structure to PMT as shown
in Fig. 1(a). HPTT is reported as a new leveler herein, with
heteroatoms, conjugated -7 bonds, strong molecular polarity.
GMs, LSV and EIS tests were carried out to investigate the
electrochemical behaviors of HPTT and its synergistic effect
with other additives, in comparison with PMT. Microvia filling
by copper electroplating were performed using plating solution
with PEP, SPS and HPTT as the suppressor, accelerator and
leveler respectively. FMO and ESP of HPTT and PMT using
quantum chemical calculations predicted the reaction sites for
electrophilic and nucleophilic attack.

2. Experimental
2.1. Electrochemical procedures

The electrochemical workstation was CHI608E (Chenhua) and
the electrolytic cell was a standard three-electrode cell with
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Fig.1 Chemical structures of (a) HPTT and (b) PMT.

a capacity of 100 mL. Electrochemical experiments contained
GMs, LSV and EIS tests. The working electrode (WE) was
a platinum rotating disk electrode (Pt-RDE) with an area of
0.196 cm’. The counter electrode (CE) was a copper rod. A
saturated mercuric sulfate electrode (SMSE) served as the
reference electrode. The copper rotating disk electrode (Cu-
RDE) was prepared by depositing a copper layer of about
500 nm on Pt-RDE before the electrochemical experiments.
GMs were performed on Cu-RDE at 100 rpm and 1000 rpm
respectively with a constant current density of 2 A dm™>. The
potential difference measured by GMs was defined as eqn (1).

AN = N100rpm — M1000rpm &Y

The working electrode was Cu-RDE when LSV tests were
performed. All LSV tests were carried out by reverse scan from
—0.35 V to —0.80 V (vs. SMSE) at a rate of 1 mV s~ . EIS tests
were performed on the Cu-RDE electrode at —0.65 V (vs. SMSE)
with a frequency range from 0.1 Hz to 100 kHz. The amplitude
was set to 5 mV.

2.2. Copper electroplating

The experimental samples were PCBs where the effective size of
the microvia was 6 x 8.33 cm®. The diameters of microvias were
150 pm and 100 um respectively, and the depth was 75 pm. The
anodes were two phosphorus-containing copper boards, placed
in a 1.5 L Harring cell where the composition of the virgin make-
up solution (VMS) was 0.88 mol L™ CuSO,-5H,0, 0.54 mol L™*
H,SO,. Prior to metallization, the microvias were cleaned
through a decontamination process to remove dirt and oxides,
so as to obtain good electrical conductivity at the interface
between the filled copper and the inner copper pad. The current
density was set to 2.0 A dm > and the time duration was set to
60 min. Continuous air bubbles at a flow rate of 2.5 L h™" were
injected into plating solution during electroplating to ensure
sufficient convection intensity. The entire plating process was
carried out at 25 °C. Cross-sections of microvias after electro-
plating were observed by the metallurgical microscopy to eval-
uate the filling performance of the electroplating solution.
The filling rate (F) of microvias is defined by eqn (2):
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F= % x 100% 2)

where A is the distance from the top of microvias to the bottom,
B is the distance from the bottom of microvias to the surface of
PCBs,*** as illustrated in Fig. 2, and C is the electroplating
copper thickness on the surface of PCBs.

2.3. Quantum chemical calculations and molecular
dynamics simulation

The geometry of HPTT and structures of PEP-HPTT/PMT were
optimized with the B3LYP/6-31G (d, p) method in Gaussian 9
software based on density generalized function theory (DFT).>
The optimized geometry and molecular orbitals were visualized
by Multiwfn and VMD software.>* According to the frontline
molecular orbital theory, Lowest Unoccupied Molecular Orbital
(LUMO) and Highest Occupied Molecular Orbital (HOMO) were
taken into account. The energy difference of the frontline orbits
(AE = Erumo — Enomo) was calculated and the ESP mapped
surface was plotted.

3. Results and discussion

3.1. Electrochemical evaluation

The potential transients obtained by successive injections of
PMT and HPTT into the basic electrolyte are shown in Fig. 3.
GMs using a copper working electrode that was individually
operated at two different rotation speeds could accurately
predict the filling performance of a copper plating formula for
microvia filling."” The value of An = 7100 rpm — M1000 rpm €an
assess the filling performance of the electrolyte on the basis of
theoretical analysis of convection-dependent adsorption (CDA).
The electrolyte exhibits convection-dependent adsorption when

Fig. 2 A general model of microvias.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 GMs with the successive addition of various additives at two different rotation speeds: 100 and 1000 rpm.

An > 0. In general, the more positive and larger the value of Ay
is, the better the filling performance will be. The electrolyte
contains 60 ppm Cl~, 200 ppm PEP and 4 ppm SPS from 0 to
500 s, as marked in Fig. 3(a and b). There is almost no difference
between the deposition potentials at 100 rpm and 1000 rpm,
and they both show an increasing trend, suggesting that SPS is
slowly replacing the PEP adsorbed on the copper surface. The
electrolyte does not show CDA behavior during this process.
Fig. 3(a and b) shows a decreasing trend for all four curves when

© 2022 The Author(s). Published by the Royal Society of Chemistry

PMT/HPTT are added at 500 s, respectively. The lowest depo-
sition potentials in Fig. 3(a and b) reached about —0.60 V and
—0.63 V, respectively, implying that both PMT and HPTT have
an inhibitory effect on copper deposition, and the inhibitory
effect of HPTT is stronger than that of PMT. In comparison with
the two curves in Fig. 3(b), it can be seen that the deposition
potential decreases slowly with the addition of HPTT at
100 rpm. It can be explained by the fact that HPTT is slowly
replacing the SPS adsorbed on the copper surface throughout

RSC Adv, 2022, 12, 1615316164 | 16155
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the process, and the adsorption of HPTT is slower than that of
SPS at the moment. With the addition of HPTT at 1000 rpm, the
curve is wavy and a valley exists every 500 s. This phenomenon
can be explained by the fact that the adsorption of HPTT
accelerates under strong forced convection and rapidly replaces
SPS on the copper surface, followed by SPS gradually replacing
HPTT after a period. The above explanation also applies to PMT,
therefore, the adsorption rate of both PMT and HPTT on the
copper surface is affected by forced convection, and the strong
forced convection will accelerate their adsorption rate on the
copper surface. This result is favorable for electroplating. At the
beginning of plating, the leveler is quickly adsorbed on the
copper surface outside microvias where convection is stronger
and strongly inhibits copper deposition on the surface, while
the leveler at the bottom of microvias is adsorbed more slowly,
facilitating the rapid accumulation of SPS at the bottom. More
importantly, with the increase of HPTT concentration, An
gradually increases and reaches the maximum value at the
concentration of 6 ppm, demonstrating that the optimal
concentration of HPTT is 6 ppm under the electrolyte system of
60 ppm Cl™, 200 ppm PEP and 4 ppm SPS. An (HPTT) > An
(PMT) indicates that the filling performance of HPTT as a leveler
will be better than that of PMT.

The interaction between HPTT and other additives is
further investigated in Fig. 3(c-f). The deposition potential
increases with injection of 60 ppm Cl™ and 4 ppm SPS into the
VMS, as seen in Fig. 3(c), for the reason that Cl~ will be
adsorbed on the copper surface rapidly and coordinate with
Cu®" and SPS to form SPS-Cu®*'-Cl~ complexes, thus trans-
forming the reduction of Cu®" into an inner sphere electron
transfer mode.***"*° The subsequent addition of HPTT reveals
a 6 mV decrease in the deposition potential, indicating that
the addition of HPTT partially attenuates the depolarizing
effect of SPS. The negative value of An; implies that the elec-
trolyte does not have the capability for superfilling. With the
addition of 200 ppm PEP at 2000 s, the deposition potential
decreases to about 0.63 V and then slowly rises and reaches
equilibrium, suggesting that the adsorption of PEP is a rapid
process and the competitive adsorption of SPS and PEP is
mainly manifested by SPS replacing the adsorbed PEP. The
value of An, equals 22 mV and the electrolyte exhibits CDA
behavior. The polarization of PEP on the cathode in the
presence of Cl™ is substantially enhanced, as displayed in
Fig. 3(d), illustrating the existence of synergistic inhibition
between PEP and Cl, ie., the PEP-Cu’-Cl~ inhibitor is
formed.** The addition of 6 ppm HPTT at 1500 s reveals
a further decrease in the deposition potential, implying
a further synergistic inhibition of HPTT and PEP, noted as
PEP-HPTT. After injection of SPS at 2000 s, the value of An,
equals 25 mV and the achievement of superfilling is allowed by
this electrolyte. These results indicate that HPTT affects the
deposition potential in the electrolyte by interacting with PEP,
while HPTT itself has no significant effect on the copper
deposition.

As shown in Fig. 3(e), HPTT itself has no significant effect on
the polarization potential, and An, equals 14 mV after injection
of 200 ppm PEP. Comparing with Fig. 3(d), it can be concluded
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that there is a convection-dependent interaction between HPTT
and PEP, with a superimposed effect on the inhibitory effect of
PEP. The value of An; in Fig. 3(d) is 5 mV since the PEP-HPTT
interaction is weaker than PEP-Cu'-Cl ™, causing its convection-
dependent property to be overridden. This PEP-HPTT interac-
tion is eliminated after the addition of 4 ppm SPS at 1000 s, as
displayed in Fig. 3(e), indicating that SPS has replaced the
adsorbed HPTT or PEP. With injection of 60 ppm Cl™ at 1500 s,
the value of An increases substantially and the deposition
potential decreases. PEP forms a PEP-Cu'-Cl~ adsorption layer
while binding to HPTT, followed by a competitive adsorption
with SPS. The increase in An should be attributed to the
predominance of PEP-HPTT adsorption in the strong forced-
convection region and the predominance of SPS adsorption in
the weak forced-convection region. It can be found that the
competitive adsorption of PEP and SPS in the absence of the
leveler is not convection-dependent, so the synergistic effect of
HPTT and PEP plays a key role in improving the microvia-filling
performance, by contrast with the 1500 s to 2000 s phase in

Fig. 3(f).
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Fig. 4 Linear sweep voltammetry measurements: (a) HPTT and (b)

PMT.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02274e

Open Access Article. Published on 31 May 2022. Downloaded on 7/28/2025 8:06:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
27 —0— a: VMS+60ppm CI+200ppm PEP
—O—Db: a+2ppm PMT
10+ —v—d: a+t4ppm PMT
—O—e: at6ppm HPTT

8 Cal

2" (Q cm?)

4
; f
0 = T
0 20
) —o— a: VMS+60ppm CI'+200ppm PEP

—O—b: a+2ppm HPTT
—A— ¢: at+4ppm HPTT
—v—d: a+6ppm HPTT

15 25
7' (Q cm?)

Fig.5 Nyquist was carried out at —0.65 V with electrolyte composed of 0.88 M CuSO,-5H,0, 0.54 M H,SO4, 60 ppm Cl~, 200 ppm PEP and (a)
PMT/(b) HPTT.

Table 1 Electrochemical impedance parameters in plating solution in the presence and absence of PMT and HPTT

C (ppm) R, (ohm cm?) Cai (107> Fem™?) Ry (ohm cm?) Ct (Fem™2) R, (ohm cm?)
PMT

0 0.998 1.84 7.850 0.144 1.064
2 1.001 3.78 9.922 0.039 1.862
4 1.012 2.70 10.994 0.031 2.183
6 1.026 2.67 11.962 0.027 2.568
HPTT

0 0.985 2.13 7.493 0.124 1.067
2 0.988 2.99 8.695 0.060 1.603
4 0.997 4.47 11.648 0.042 2.350
6 1.014 8.31 27.009 0.013 15.892

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2022, 12, 16153-16164 | 16157


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02274e

Open Access Article. Published on 31 May 2022. Downloaded on 7/28/2025 8:06:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

F=95.6%

Fig. 6 Cross-section images of microvias with diameters of: (a) 150 um for 60 min with PMT, (b) 150 um for 40 min with HPTT, (c) 150 um for
60 min with HPTT, (d) 150 pm for 80 min with HPTT, (e) 100 um for 40 min with HPTT. The plating solution is composed of VMS, 60 ppm CL~,

200 ppm PEP, 4 ppm SPS and 6 ppm leveler.

To further investigate the synergistic inhibition of levelers
with PEP, LSV and EIS tests were performed. The addition of
HPTT/PMT enhances the polarization of the cathode as shown
in Fig. 4(a and b). Specifically, the polarization potential is
0.59 V corresponding to a current density value of 0.1 Adm ™2 in
the VMS containing only 60 ppm Cl°, 200 ppm PEP. The
polarization potential is negatively shifted to 0.73 V as illus-
trated in Fig. 4(a) with addition of 6 ppm HPTT to the above
electrolyte, compared with the polarization potential value of
0.68 V for PMT in Fig. 4(b). These results suggest that the
inhibitory effect of PEP-HPTT is stronger than that of PEP-
PMT. In addition, the convection-dependent polarization
potential difference is not observed in Fig. 4(a and b), consistent
with the results of GMs. The convection-dependent polarization
potential difference is only observed when the composite
inhibitor is present simultaneously with the accelerator.

Fig. 5 shows the Nyquist plot recorded at —0.65 V (vs. SMSE).
The curves illustrated in Fig. 5 both contain two parts, a capac-
itive loop for the high frequency (HF) range and a capacitive
loop for the low frequency (LF) range. According to previous
reports,*~33 the first capacitive loop (HF) indicates the Cu®*" —
Cu' reaction and the second capacitive loop (LF) is associated
with the PEP-Cu™~Cl~ relaxation and Cu® — Cu® reaction. As
shown in Fig. 5(b), the radius of both capacitive loops increases
after the addition of 2 ppm HPTT, illustrating that the reduction
of Cu®" is more resistant and the PEP-Cu'-Cl~ adsorption layer
becomes more compact. This phenomenon becomes more
obvious as the concentration of HPTT rises. In contrast, the
radius of the two capacitance rings increases with the addition
of PMT as seen in Fig. 5(a), but this increase is not as large as
that of HPTT. These results imply that HPTT/PMT changes the
nature of the PEP-Cu'-Cl ™~ adsorption layer. Specifically, HPTT/
PMT interacts with PEP, thereby enhancing the inhibition of

16158 | RSC Adv, 2022, 12, 16153-16164

copper deposition by PEP, consistent with the results of GMs
and LSV measurements.

The equivalent circuit fitted the impedance data properly is
displayed in Fig. 5. The electrochemical parameters obtained
from the equivalent circuit are listed in Table 1. In this circuit,
R; is the solution resistance, Cq is the double layer capacitance,
R, is the charge transfer resistance corresponding to the Cu®*
— Cu' reaction, Ct is the capacitance of adsorbed layer, and R,
is the adsorbed layer resistance relevant to the Cu" — Cu°
reaction.**** The addition of PMT/HPTT has little no effect on
R. The values of R; and R, both increase with the gradual
injection of PMT/HPTT, demonstrating that both levelers have
the ability to inhibit the reduction of Cu**/Cu". It is worth
noting that the R; and R, values increase by 260% and 1389%
respectively after addition of 6 ppm HPTT, while the above
factors of 6 ppm PMT are only 52% and 141%, respectively.
These results suggest that the impact of HPTT on Cu*‘/Cu’
reduction is far beyond PMT.

More importantly, the difference between the two levelers is
only one phenolic hydroxyl group, so that the phenolic hydroxyl
group becomes the key to improve the filling performance of
this type of levelers.

3.2. Electroplating experiments

In order to investigate the filling performance of HPTT, elec-
troplating experiments were conducted. The radius and depth

Table2 Some molecular properties of HPTT and HPTT-iso calculated
using DFT

Enomo (€V) Erumo (eV) AE (eV)
HPTT —5.966 —1.127 4.839
PMT —6.105 —1.243 4.862

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The frontier molecular orbitals: HOMO of (a) HPTT, (c) PMT;
LUMO of (b) HPTT, (d) PMT (dark blue: N, gold: C, red: O, yellow: S,
white: H).

of microvias shown in Fig. 6 are 150 pm and 75 um, respectively.
Fig. 6(a and c) shows the cross-sections of microvias obtained by
plating with PMT (a) and HPTT (c) as the leveler for 60 min,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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respectively. Plating solution with PMT as the leveler obtained
the microvia with a filling rate (F) of 72.7% and the surface
copper thickness equal to 25.57 pum, as displayed in Fig. 6(a). In
contrast, the microvia shown in Fig. 6(c) filled with HPTT as the
leveler achieved superfilling with a filling rate and the surface
copper thickness of 95.6% and 17.97 pum, respectively. These
results are consistent with the conclusion of the electro-
chemical test that the phenolic hydroxyl group in HPTT plays
a key role in the filling process. The value of An (HPTT) in GMs
is larger than that of An (PMT), indicating that the difference
between the copper deposition rate inside and outside the
microvia is larger when HPTT is used as the leveler, which is
more favorable for superfilling.

Further electroplating experiments were carried out for
HPTT with better filling performance. The plating durations for
the microvia cross-sections shown in Fig. 6(b and d) are 40 min
and 80 min, respectively, where the leveler is HPTT. The filling
rate and surface copper thickness corresponding to the two
time durations are 15.42 um, 77.6% and 29.14 pm, 99.5%,
respectively. In terms of the filling rate, the formulation is
sufficient to fill the microvias with a radius of 150 um and
a depth of 75 pm in 60 min. No overfilling due to a large
accumulation of SPS at the bottom of the microvia is observed,
suggesting that the PEP-HPTT composite inhibitor can gradu-
ally replace the SPS adsorbed at the bottom with the enhance-
ment of forced convection, thus preventing the occurrence of
overfilling. In addition, a void-free filling is acquired in only 40
minutes for microvias with a diameter of 100 um. The filling
rate is 94.3% and the thickness on the surface is 14.10 um.

3.3. Quantum chemical calculations and molecular
dynamics simulation

The effect of the difference in functional groups between HPTT
and PMT on the filling performance was further investigated by
quantum chemical calculations. On the basis of the frontier
orbital theory, HOMO and LUMO have the greatest impact on
the adsorption of organic molecules on metals.*® A small value
of Erymo means a strong electron absorption capacity, while
a large value of Eyyomo means a strong electron supply capacity.
The Eyomo values of HPTT and PMT are —5.966 eV and
—6.105 eV respectively as marked in Table 2, indicating that
HPTT is more capable of donating electrons to bind with the d-
orbital of the metal.

HOMOs of HPTT and PMT are mainly distributed on sulfur
atoms, as displayed in Fig. 7(a and c), indicating that sulfur
atoms are the main electrophilic attack region. According to the
previous report,” when the benzene ring is attached to an
electron-donating group, the HOMO and LUMO energy levels
increase simultaneously, but the HOMO energy level increases
more. The electron donating ability of the hydroxyl group on
benzene ring is stronger than that of the hydrogen atom on
benzene ring, so that the Egomo and Epymo values of HPTT are
higher than those of PMT. Moreover, smaller energy gap AE =
Eruvmo — Enomo partially reflects the reactivity of the mole-
cule.’”?® As a result, AE (HPTT) < AE (PMT) also implies that the
desorption of HPTT is more difficult, leading to the
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predominance of PEP-HPTT in the competitive adsorption with
SPS on the copper surface and more favorable inhibition of
copper deposition outside microvias.

ESP plot is a straightforward visualization of the preferred
reaction sites and powerful tool for predicting molecular
properties. The low electron density (red) region represents the
high ESP value and the high electron density (blue) region
represents the low ESP value. Fig. 8(a and b) show that the high
electron density region of HPTT and PMT is mainly distributed
on N and S atoms, and the low electron density region is
distributed on H atoms. Atoms in the high electron density
region are generally considered to have a greater affinity for
metal surfaces.**** The electron density around the hydrogen
atoms in HPTT is lower than that of PMT, and the maximum
values of ESP (HPTT) and ESP (PMT) are about 50 kcal mol *
and 40 keal mol ™", respectively, illustrating that HPTT is more

(b)
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easily attracted to the oxygen atom with high electron density on
the inhibitor.

Steiner and Saenger considered a hydrogen bond as “any
cohesive interaction X-H---Y where H carries a positive and Y
a negative (partial or full) charge and the charge on X is more
negative than on H”.** According to the above definition of
hydrogen bond, the H atoms of HPTT and PMT located in the
low electron density region, as shown in Fig. 8, can form
a hydrogen bond with the O atom of the inhibitor, densifying
the adsorption layer. To further verify the binding state of
HPTT/PMT with PEP, the quantum chemical calculations were
performed to optimize several geometric configurations of the
composite inhibitors, as marked in Fig. 9. The E,qs obtained
from eqn (3) is referred to as the binding energy between
a leveler molecule and a PEP molecule.

Eads = Lcomplex — (EPEP + ELeveler) [3)

ESP(kcal/mol)

50.00

35.00

20.00

5.00

-10.00

-25.00

ESP(kcal/mol)
40.00

27.00

14.00

1.00

-12.00

-25.00

Fig. 8 ESP mapped molecular vdW surface of (a) HPTT, (b) PMT (dark blue: N, gold: C, red: O, yellow: S, white: H).
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where Ecomplex represents the total energy of the entire confor-
mation, Epgp represents the energy of a PEP molecule, and Egprr
represents the energy of a leveler molecule. The binding ener-
gies of four structures are summarized in Table 3.

HPTT is mainly bonded to the O atom of PEP through the
phenol hydroxyl (O-H---O) and nitrogen atoms (N-H---O) as
illustrated in Fig. 9 (9a, 9b). The E.qs of 9b is lower than that of
9a, attributed to the fact that the electronegativity of N atom is
smaller than that of O atom. On the other hand, PMT can bind
to the O atom of PEP through the H atom on the tetrazole ring
and benzene ring, as shown in Fig. 9 (9¢, 9d). More importantly,
both ends of these leveler molecules can be combined with PEP,
allowing the leveler molecules to form a chain structure with
PEP and facilitating multilayer adsorption of PEP on copper
surfaces. Quantum chemical calculations show that the chain
structure becomes stronger due to the introduction of phenolic
hydroxyl group. The E,qs of both geometric configurations of
PEP-HPTT are correspondingly larger than those of PEP-PMT,
demonstrating that the adsorption capacity of PEP-HPTT on
the copper surface would be stronger than that of PEP-PMT.

The model of PEP-SPS-HPTT electroplating system can be
proposed based on the interactions of the additives, as illus-
trated in Fig. 10. Assuming that the diffusion of copper ions and
the accelerator (SPS) is not restricted in the microvia, so that the
concentrations of copper ion and SPS remain constant every-
where. For the inhibitor, the diffusion of PEP is limited by the
large molecular volume, resulting in a lower concentration at

View Article Online
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Table 3 The binding energy of composite inhibitors calculated using
Gaussian 09W

Structure Eqgs (keal mol™)
9a —26.47
9b —20.35
9c¢ —15.40
9d —23.04

the bottom of the microvia than on the surface. On the other
hand, the PEP molecules adsorbed at the bottom are gradually
replaced by SPS during the electrodeposition process, further
reducing the concentration of PEP at the bottom. PEP-HPTT/
PMT prevails in competitive adsorption with SPS outside the
microvia due to the strong convection, thus strongly inhibiting
copper deposition on the surface. At the same time, the bottom
of the microvia is mainly occupied by SPS, where superfilling is
allowed. In the absence of the leveler, the accumulation effect of
SPS molecules would occur as the surface area inside the
microvia gradually decreased.***

Nevertheless, this phenomenon is eliminated by the pres-
ence of a composite inhibitor (PEP-HPTT/PMT). The composite
inhibitor gradually dominates in the competitive adsorption
with SPS and replaces the SPS molecules inside the microvia as
the filling process comes to an end, due to the gradual

)

Fig. 9 Composite inhibitor models of (9a, 9b) PEP-HPTT fragments and (9¢, 9d) PEP-PMT fragments (dark blue: N, gold: C, red: O, yellow: S,

white: H).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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N\ PEP

Fig. 10 The model of PEP-SPS—-HPTT electroplating system.

@ HPTT ® SPS

enhancement of forced convection inside the microvia, even-
tually preventing the overfilling from happening.

4. Conclusion

It is found that a new tetrazole derivative HPTT is capable of
filling microvias with a diameter of 150 pm and a depth of 75
pm in one hour in the PCB fabrication system. The plating
experiments demonstrate that the complete filling of microvias
can be achieved with the plating solution consisting of

16162 | RSC Adv, 2022, 12, 16153-16164
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0.88 mol L™! CuSO,-5H,0, 0.54 mol L' H,S0,, 60 ppm Cl~,
200 ppm PEP, 4 ppm SPS and 6 ppm HPTT. The filling rate,
surface copper thickness and plating time of the microvia with
a diameter of 150 um are 95.6%, 17.97 um and 60 min respec-
tively, while those of the microvia with a 100 pm diameter are
94.3% 14.10 pm and 40 min, respectively.

Electrochemical measurements suggest that a convection-
dependent interaction between HPTT and PEP exists in the
absence of Cl~, and HPTT enhances the inhibition of copper
deposition by PEP in the presence of Cl™.

Quantum chemical calculations show that the active sites of
HPTT are O, S, N atoms. HPTT can bond to with copper surface
by sulfur atoms while bind to PEP via the phenolic hydroxyl
group and hydrogen atom of tetrazole. The E,4s of PEP-HPTT in
the same conformation is correspondingly larger than that of
PEP-PMT, demonstrating that the adsorption capacity of PEP-
HPTT on the copper surface would be stronger than that of PEP-
PMT.
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