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Figure 1 (A) CV curves with different concentrations of MG; (B) Stripping coulometric plot from anodic peak area with different

concentrations of MG. (color on line)
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Figure 2 CV curves with different concentration of MG. (col-

or on line)
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Figure 3 (A) EQCM-derived current of the bath and (B) current efficiency calculated from the EQCM test of MG deposition and the

total current density with or without MG additive. (color on line)
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Figure 4 Current transients for cobalt deposition on thin Co

seed at -1.27 V with different rotating rates. (color on line)
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Figure 5 Microscopic images of superfilling process with different deposited time, (A) 2 h, (B) 4 h, (C) 10 h. (color on line)
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Figure 6 Current density-time transients for cobalt deposition

on thin Co seed at different potentials. (color on line)
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Figure 7 Dimensionless curves of progressive and instanta-
neous nucleation models for the experimental /-t curves of the

bath. (color on line)
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Figure 8 Localization of HOMO and LUMO (A), and the electrostatic potential images (B, C). (color on line)



HLb2=(J. Electrochem.) 2022, 28(6), 2104521 (7 of 8)

FErr l TR A, fff MG 76 B LR BT
SZ B, T B TR, SRl B 45 &
FLIREHP A DR B 20 iy T I, PR e filiAs: Co
A DASCEE AT B AT, il oA T
THhER, 148 Co WHUIEUE =4 i 72,
R4 BEIS T BHED H MG 2 F R b F LUMO R
BRI 2 5 W e I & m, mikk -+
HOMO IR 25 i AR 2038 3 25 30 = 85 9 W0 Co™
T R BC o7 B, 35 A 0 W e AW 2 T DA TG
T &RV, BT FEAE N R R
N PEREE 4@ Co RUTTRLERE , ZEAR SCH IR X
K%, WA B — 05T

2 2 3Lk (References):

[1] Andricacos P C, Uzoh C, Dukovic J O, Horkans J, Deli-
gianni H. Damascene copper electroplating for chip inter-
connections[J]. IBM J. Res. Dev., 1998, 42(5): 567-574.

[2] Graham R L, Alers G B, Mountsier T, Shamma N, Dhuey
S, Cabrini S, Geiss R H, Read D T, Peddeti S. Resistivity
dominated by surface scattering in sub-50 nm Cu wires[J].
Appl. Phys. Lett., 2010, 96(4), 042116.

[3] Daniel G. Electron mean free path in elemental metals[J].
J. Appl. Phys., 2016, 119(8): 085101.

[4] Priyadarshini D, Nguyenl S, Shobha H, Cohen S, Shaw T,
Liniger E, Hu C K, Parks C, Adams E, Burnham J, Simon
A H, Bonilla G, Grill A, Canaperi D, Edelstein D, Collins
D, Balseanu M, Stolfi M, Ren J, Shah K. Advanced metal
and dielectric barrier cap films for Cu low k interconnects
[C]. Priyadarshini D, IEEE International Interconnect
Technology Conference, USA: IEEE, 2014.

[5] Yang P X(# 15 8%), An M Z(Z4 % 18), Su C N(ZRHZ ),
Wang F P (L 1#F). Influence of additive on electrodepo-
sition of pure cobalt from an ionic liquid[J]. Chinese J. In-
org. Chem.(JeHlfk2#244)), 2009, 25(1): 112-116.

[6] Zhou J(Jf @), Wang S F(E =), Song X S(HK/N=),
Zhang X M(5K2£%). Ton transport for electrodeposition of
cobalt in double-membrane three-compartment electrolyt-
ic cell[J]. Chin. J. Nonferrous. Met.("H [E A 2,43 J& 2~ 4R),
2016, 26(11): 2426-2432.

[7] LiuY (X3#), Li Z J(ZEEE ), Wang Y C(E 25 i), Wang
W(E M). Electrochemical reduction process of Co(II) in
citrate solution[J]. Trans. Nonferrous Met. Soc. China.(
A (48724 T), 2014, 24(3): 876-883.

[8] Wu J, Wafula F, Branagan S, Suzuki H, van Eisden J.
Mechanism of cobalt bottom-up filling for advanced node

interconnect metallization[J]. J. Electrochem. Soc., 2018,

166(1): D3136-D3141.

[9] Lyons T W, Huang Q. Effects of cyclohexane-monoxime
and dioxime on the electrodeposition of cobalt[J]. Electro-
chim. Acta., 2017, 245: 301-309.

[10] Josell D, Silva M, Moffat T P. Superconformal bottom-up

cobalt deposition in high aspect ratio through silicon vias
[J]. J. Electrochem. Soc., 2016, 163(14): D809-D817.

[11] Rigsby M A, Brogan L J, Doubina N V, Liu Y, Opocensky
E C, Spurlin T A, Zhou J, Reid J D. Superconformal cobalt
fill through the use of sacrificial oxidants[M]//Rigsby M
A, Selected proceedings from the 232nd ECS meeting,
USA: Electrochemical Soc Inc, 2017.

[12] Huang Q, Lyons T W, Sides W D. Electrodeposition of
cobalt for interconnect application: Effect of dimethyl-
glyoxime[J]. J. Electrochem. Soc., 2016, 163(13): D715-
D721.

[13] Hu Y, Huang Q. Effects of dimethylglyoxime and cyclo-
hexane dioxime on the electrochemical nucleation and
growth of cobalt[J]. J. Electrochem. Soc., 2019, 166(1):
D3175-D3181.

[14] Josell D, Moffat T P. The suppression induced S-NDR
mechanism for defect-free filling of high aspect ratio fea-
tures[M]//Josell D, Process materials of 3D interconnects,
damascene and electronics packaging 8, USA: Electro-
chemical Soc. Inc., 2016.

[15] Rigsby M A, Brogan L J, Doubina N V, Liu Y H,
Opocensky E C, Spurlin T A, Zhou J, Reid J D. The criti-
cal role of pH gradient formation in driving superconfor-
mal cobalt deposition[J]. J. Electrochem. Soc., 2019, 166
(1): D3167-D3174.

[16] Lee CT, Yang W T, Parr W G. Development of the colle-
salvetti correlation-energy formula into a functional of
the electron density[J]. Phys. Rev. B, 1988, 37(2): 785-
789.

[17] Cances E, Mennucci B, Tomasi J. A new integral equation
formalism for the polarizable continuum model: theoreti-
cal background and applications to isotropic and anisotro-
pic dielectrics[J]. J. Chem. Phys., 1997, 107(8): 3032-
3041.

[18] Ni X R(fiif&1T), Chen Y M(Ff4EH]), Wang C( L),
Wang S X (E5F4%), He W (fif>h), Su X H (FRHIT),
Zhang W H(3KAE4E), Sun Y K(F#) L), Sun R(FMNFE).
Effect of surfactants on hydrogen evolution of electroplat-
ing cobalt[J]. Plating & Finishing(H1 5% 545 1fi), 2019, 41
(4): 1-5.

[19] Scharifker B, Hills G. Theoretical and experimental stud-
ies of multiple nucleation[J]. Electrochim. Acta, 1983, 28
(7): 879-889.



B4k (). Electrochem.) 2022, 28(6), 2104521 (8 of 8)

Influences of Suppressing Additive Malachite Green on
Superconformal Cobalt filling and Nucleation

Xiao-Chuan Ma, Ya-Qiang Li, Pei-Xia Yang, Jin-Qiu Zhang, Mao-Zhong An"
(MIIT Key Laboratory of Critical Materials Technology for New Energy Conversion and Storage, School of
Chemistry and Chemical Engineering, Harbin Institute of Technology, Harbin 150001, Heilongjiang, China)

Abstract: As the semiconductor integrated circuits evolve into 7 nm technology and beyond, the resistance of the Cu filling at
back-end-of-line interconnects no longer linearly scales with dimension. The metal Co with lower mean free path can be used to re-
place Cu for reducing the line resistance caused by the scattering on the outer surface and grain boundary in the smaller and smaller
size. In this study, CoSO, was used as the main salt, boric acid as a buffer and malachite green (MG) as an inhibitor for further
research. According to the electrochemical cyclic voltammetric (CV) curves by using a rotating disk electrode, the reductive over-
potential of the metal Co shifted negatively and the reduction process was gradually suppressed with the increasing concentration of
the additive MG. Besides, the deposition current density decreased and the current efficiency of the reduction process declined after
adding MG from the electrochemical quartz crystal microbalances (EQCM) test. This is because of the MG adsorption on the sur-
face and complexation with the metal Co ion in the bath. Hence, MG has a significant inhibition effect in the deposition process,
which reduces the deposition efficiency. At -1.27 V, the current density of the total reduction process gradually decreased with the
applying higher rotation rate and returned to the initial value within a few minutes after suspending. The current density was heavily
influenced by the convection process. At last, the bottom-up superfilling of blind via from an aqueous solution containing 0.4 mol-L"!
CoS0,, 0.5 mol-L" H;BOs, a small amount of Cl, 20 mg-L" MPS and 10 mg-L"' MG at -1.27 V with the pH 4. From the chronoam-
perometric curves, the appearance of two peaks was mainly attributed to the hydrogen evolution process and the nucleation process
of Co* reduction, and the nucleation process was three-dimensional instantaneous nucleation process. In order to further studying
the construction of the MG, and the bonding between additive MG and cobalt ions, the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of MG are obtained by quantum chemical calculation, indicating the active site
distributed on the conjugate structure of aniline and amido cyclohexadiene for adsorbing on the cathode surface. The electrostatic
potential (ESP) diagram is obtained by molecular dynamics simulation, and the results point out that the potential distributes at 35 ~
78 kcal - mol”, meaning the easily adsorption of additive MG on the cathode surface. The complex of CoMG was formed from delo-
calized pi-bond of phenyl of MG and free Co ion in the bath.

Key words: inhibitor; cobalt, superfilling; nucleation process; electrostatic potentials
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