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Abstract In this work, based on the acidic copper sulfate electronic plating formula and process for through-hole
uniform thickening of printed circuit board (PCB) with 1-(2-pyridylazo)-2-naphthol (PAN) as a synergistic additive,
the influence mechanism of the additives on the copper electro-crystallization process was clarified by using the elec-
trochemical chronoamperometry. Polyethylene glycol (PEG) destroys the copper nucleation process, bis-(3-sulfopro-
pyl) disulfide (SPS) and PAN do not affect the occurrence of copper nucleation behavior, and the synergic effects of
PEG, SPS and PAN can further promote the formation of copper nuclei. Both PEG and SPS promote the adsorption of
PAN on the copper surface confirmed through electrochemical in situ Raman spectroscopy. The effects of additives on
the morphology of copper coating are analyzed by scanning electron microscopy. Only SPS can refine the copper

coating particles, and the synergistic effects of PEG, SPS and PAN is beneficial to obtain copper coating with finer
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and more uniform particles. The crystal face orientation of copper coating and the crystal face sites adsorbed by

additives are revealed by X-ray diffraction. Both PEG and PAN are easy to adsorb on the (111) crystal face and
inhibit the (220) crystal face. SPS is easy to adsorb on the (220) crystal face and promotes the (220) crystal face to
be preferred. The combined action of PEG and SPS can make copper grow along the (111), (200) and (220) crystal
faces, and (200) is a relatively preferred crystal face. The complex synergistic effects among the three additives
promote the preferential growth of copper along the (111) and (200) crystal faces.

Keywords Copper electronic plating; Additives; Nucleation; Morphology; Preferential orientation; Synergistic effect
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F1-(2-MERE A 0 -2- 2813 (PAN) , s0#rali, FiEBTRL T A b RHE B A BR A W) 5 i alizk (B 18. 2
MQ:cm).

CHI760 %Y H £k 2% TAE B (B IR AR A PR A F)) 5 XploRA Y $7 2 3% {X (Raman, H 438
A BRA ] ) 5 S-4800 U4 FL 2 348% (SEM, il i F 15 kV, HAH 722 F]) 5 Ultima-TV Y X 5
LATHL(XRD, Cu Ko, P4 0. 15406 nm, HAFEE/SH]) 5 SQ 240 AL 4K L (FEE B 7 A A
JC-500-3/D RURE A SR 95 FEAIL CRCAR LS ML) ).

1.2 LR

121 B F RS RA AT T S8 T H P LA (Virgin makeup solution, VMS) ZH BN
75 g/L. CuS0,-5H,0, 180 g/I. H,S0, F1 60 mg/L. CI". ¥ Jil 57 2H i 4 500 mg/L. PEG-800, 1 mg/L. SPS Fl
3 mg/L PAN. [HARIEA AP AT 20 nm &2 AR TE . BT HUBERT, JEM T 2t iR AL 30 s (5T
T 805% H,80,). RS A 2 A/dm?, HLBE I T B AR 4l K 1 eI AL T

122w WM T R SE R A TR S SEIR T AR R, TR AR
3 mm AT HLAR , 2 HE R R He/He,SO, (TR K,SO, 7)) Bl , X H R AR . B Ak A St a7l 1T
VR S )5 0. 5 F110. 05 wm 4 ALO L6 FT B8 3 min, FEHIK B F IC/K 2B AR 457K ok 75 3 Uk
3 min. FrERHLA 2095000, 60, —0. 65 F1-0. 70 V.

123 #AhF REALA 2 AR B AR R R S th SO S A b AR T . B
WA 638 nm, WOLIRE L) K 9. 98 mW. TAEHAM N E AR 3 mm A4 HLAR , 2 LU LR He/Hg,SO,
(PN K,SO, U ) LAl , X FELAR A PR AN 22 il . AR AR R4 TR AL AL B T 3 i f 2 (5 5. 7
0. 1 mol/L KCLYE R, il A%t T B FE 2 B R -0, 4 V (s, TRLFT Ag/AgClLHLAR ), 4E4F 15 s; BEJS ik
0.4V, 45555 5 mIGHRNMRZE-0. 4 V, 4E5560 s. BA I FEERE SR, B 28 ke,
R T 2R S SN AN R A, R R A AR ER MK B . JL Atk L A% VX (Base electrolyte, BE) 41
K 0.75 ¢/L CuSO,-5H,0, 1.8 ¢/L H,S0, 160 mg/L CI-. %S He B AR 7 A28 . Ha A7 49 46 38 il
—0.50~-0. 80 V, FrEKHL{7>40. 10 V.
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E2(A)~(D)43 518 VMS, VMS+PEG, VMS+SPS FIl VMS+PAN [ i B2k . 245t on 25— B iR v o7
Jei o AEAR S B [R) PR 7 A R A Sl , 30T PR R 2 A IR e . B B ) B RS, B VMS+
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T, AT REUTIL IR AMIE A K 3 SPS I PAN SRS VMS Hofil i TR SAZ B S . I 2(A), (C)FI(D)
AL, OB ] A Gk 2 ¢, B, B o AR 00 46 B B 2 28 a2 W fur e B e R s ol 5 OB ) a0, B
] ) A 2 BN RIG FR A . BT BRHL A B0, BRI F YT I PR B (R e, X R BT H (5 B A7 (Gl W 7
SO A R TR T A . R R TSR BRH A T e KRR F Ui 2 B, OGS g s [ 2,

(A, SR B H R S B 9T 1 22 Fhds e b [V D6 4] FL 45 Sl BR A 52, 25 R0 1 3 s
E 3(A)~(D) 4358 VMS+PEG+SPS, VMS+PEG+PAN, VMS+SPS+PAN F1 VMS+PEG+SPS+PAN #y 3 Bt
R Ze. I 3(A)FI(D) AT, T PEG IAATE, TERERIBTERALALT , 4 TR 28 ) A% o 72 5
TERA T ERH AL T, A i TR BLSAZ RS . SR 2(B) S5 AL, X R W] SPS 55 PEG [Jf£7E 8 4+ K
BOCR . TEmad i T, SPS 8 5 PEG WZ Rz 5, (e B Ha 25 S sz R #2 . B3 (B) AT I, ol
R LI , DR PAN JCEEEAR E W B PEG. H1E 3(C) AT IL, VMS+SPS kLA PAN, ¢, 36 [ A%
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Fig. 2 Chronoamperometry curves of a single additive of VMS(A), VMS+PEG(B), VMS+SPS(C) and VMS+PAN(D)

Table 1 Maximum nucleation current(j ) and the corresponding time(z,) at different step potentials

Electrolyte EINV j/(mA-cm™) t/s Electrolyte EIV j/(mA-cm™) t/s
VMS -0.60 -44.39 2.24 VMS+PAN -0.60 -48.39 2.08
-0.65 -100.60 0.55 -0.65 -103.80 0.49
-0.70 -174.66 0.19 -0.70 -170.45 0.17
VMS+SPS -0.60 -41.42 2.41 VMS+SPS +PAN -0.60 -22.65 5.55
-0.65 -91.84 0.61 -0.65 =72.31 0.92
-0.70 -143.86 0.21 -0.70 -137.40 0.27
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Fig. 3 Chronoamperometry curves of multiple additives of VMS+PEG+SPS(A), VMS+PEG+PAN(B),

VMS+SPS+PAN(C) and VMS+PEG+SPS+PAN(D)
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UL, SPS B A 5 | A — A A 10] 3 S S AR AT . A1 4(C)RTIL, PAN BB 5 | A 550 1l
Rl R AR . AR T, B SE A FE Rl AL, I 2O T I A A2 Y
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Fig. 4 Theoretical curves of instantaneous and progressive nucleation models with three-dimensional nuclei
growth and experimental curves of copper electro-crystallization of VMS(A), VMS+SPS(B), VMS+
PAN(C) and VMS+SPS+PAN(D)

2.2 ARINFIFESRE BB AR R E A IR PR 1T A

A SR A o i A R D3 RUBE S8 7R TS IR 78 rEL AR R T P W B 72 . B 5 (A)~(D) 435
BE, BE+PAN, BE+PEG+PAN F1 BE+SPS+PAN [ J5i {37 477 & J i, & 2 81 H T A N, I RRAE I U )& . f
B S(A)RTIL, 4RI A, B, CAID 435147 F 302, 898, 982 Fll 1180 em™ &k, 43 %A )& F v (Cu—Cl) ,
v(S—OH), v(SO; ) Flv (S0, ™ *. WESB)AI I, fF PANMSIA, HB—DHIWFHEEE, 7 F
617 em &b, IHJE T PAN HZEM IR 8(CCC), . HIE 5(C)RTIL, 24 PEG Fl PAN H A 474 T Ha g
B, LT S ASET I RRIENE (F, G, H, TF)), 4353047 T 598, 689, 725, 836 il 1233cm™ 4k . 598 Fil
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Fig. 5 Electrochemical in situ Raman spectra during cathodic staircase voltammetry of BE(A),
BE+PAN(B), BE+PEG+PAN(C) and BE+SPS+PAN(D)

Table 2 Raman vibrational mode assignments

Chemical Peak Raman Assignment Ref. Chemical Peak Raman Assignment Ref.
shifts/cm™ shifts/em™

cl A 302 v(Cu—Cl) [39] PAN G 689 s(cce), [40]

H,S0, B 898 v(S—OH)  [20, 39] H 725 8(CN=N) [40]

C 982 »(S0%) [20, 39] I 836 s(cee), [40]

D 1180 v(S0,) (20, 39] J 1233 v(CN) [40]

PAN E 617 s(CCo), [40] SPS K 868 v(CC) [39]
F 598 s(cee), [40]

689 em ™ Ab A4 AE 16 43 51 U J& F PAN A28 B 2R 1% 8 (CCC), M (CCC) 5 725 em™ Ab AY4FAE 16 ) & T
PAN H18(CN=N) ; 836 cm' AL FFAFIE I & T PAN HIBE R ¥ 8(CCC) 5 1233 em ' A RFAEIEIHE T
PAN 1y (CN)™. AR IR T PEG MFFIENE , [H37 h B8R 5 A EIEE T PAN, 5 5(B)AHLL,
53R, PEG Al e PAN UM RE . I8 5(D) Af UL, >4 SPS F1 PAN 2 [RIAE7E T H i i b i), BRATIA
SAERE IR IHAETE , b H BB AE 08 K AL, 435147 T 868 11030 em™ 4t , #10J& T SPS R
v(CC)™. X 3R SPS[AIFEFT 2 ifE PAN BB . (EASF B0, 7£302 em ' ZbAYFFIEIE A AR 58, X AT fE
JEH T C1L5 SPS H R R AR JLIR S A e T T . teah, Bl rRA B TR, DGR FE AT S , X RN
il e YA T
23 RMFITRTE R R 0

B U N FR RN 22 s o ) B I X 8 2 TR A 1 5 i 43l L 6 AL 7 s . L6 (A) AT L, Fy
VMS i 3R 2 MRS , 0k RT3 A AN 35 (244 200~800 nm) 5 BAH A PEG, 4 J2 B AR FLI0R: 2
A AR (254 500~1300 nm) [ K 6 (B) |5 BAg i A SPS, Hil J2HURE B 2R/, B0k: 20 A 3545 51 (24
100~200 nm) [ K 6(C) |5 BAMANA PAN, 4 J2 [RIFERLRE HLSR 2041 A 44 (25 200~1100 nm) [ B 6(D) ]. LA
EEREM, HAG SPS Al ANk AR 2 50k, PEG B PAN (14 50 fIm A X5) {4 2 s F — 25 MRS . /e

Chem. J. Chinese Universities, 2024, 45(8), 20240146 20240146(6/10)



T 5% 4%%0% &4

I | I CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

400 pm

1.00 pm

Fig. 6 SEM images of copper coating with a single additive of VMS(A), VMS+PEG(B), VMS+SPS(C)
and VMS+PAN(D)

1.00 um 2 100 7um

1.00 pm 1.00 pm

Fig.7 SEM images of copper coating with multiple additives of VMS+PEG+SPS(A), VMS+PEG+PAN(B),
VMS+SPS+PAN(C) and VMS+PEG+SPS+PAN(D)

K& 7(A)FI(D) AT, PEG 1 SPS LRI FETE LI M2 PEG, SPSHIPAN R [RIZEAE , Y42 fir i 2 807, ks
AEH ANE; L PEG A1 PAN JL[GIAEAE , 4 )2 50 kRS H 50K 7341 AS 34 (£ 600~1500 nm) [ 8] 7(B) ] 5 SPS
FPAN SL[FAAAE , il )2 KRS B2 A 1 Bl SPS AL PANAE T R roLRE B2 2 Rl [ 7(C) ). Bz RE
B, SPSHIPEG, PAN =L [m M A FIF A5 S0% 92
24 RIMFIXHEE R SRR

FE3GH T AHN 5 ST 2R R B, SO R0 T SR

1,.,/1
TC — Lo Locuk) 3
! z I(hkl)/]o(hkl) ( )

A TC(%) LW RELG bkl 3 TR 1 (s7) N BEIZ SRTRIAT SR SREE 5 Lo, (s™) B v A TR AT 55
SHRJE .
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Table 3 TC of copper coating with a single additive at different time

. TC(%) . TC(%)
Electrolyte t/min Electrolyte t/min
(111) (200) (220) (111) (200) (220)
VMS 1 100 0 0 VMS+SPS 1 100 0 0
93.3 6.7 0 2 57.5 10.3 322
46.7 16.6 36.7 5 13.7 8.7 77.6
10 8.4 7.1 84.5 10 23 1.8 95.9
VMS+PEG 1 100 0 0 VMS+PAN 1 100 0 0
2 68.2 31.8 0 2 89.4 10.6 0
46.0 17.2 36.8 5 69.7 9.3 21.0
10 60.0 6.7 33.3 10 60.1 6.9 33.0

K 87 T B — PRI R B9 XRD 1481, 75 VMS H, B (111) S 02k K, B I ) SE K
(L11) SR TAIAT S B S g o e ek 55 [ 18 8 (A) 1, [RIRS, % A8 ity (220) d T B AE 1 5 #£ VMS+PEG Al
VMS+PAN H, il BAZUT (111) S AR K, W PEG A1 PAN X 55 WG B (111) fh v, #0 (220) 5 i
AL 8(B)AI(D) |5 £E VMS+SPS /1, HA/ 5y (111) S e A= 1, B BRI 4E K, #5728 A (220)
eI PR AR (B 8(C) . il A U 8, AT IR, SPSAEHE (220) SR FEIL A= B, #HH SPS
S5 W BT (220) T

A B)
L 10 min IR

) 10 min

i 1 l
L J 1 5 min 1 l \ 5 min
J. l | 2 min A l | 2 min
| l

M L 1 min | 1 min

200 Cu(PDF#04-0836) 200 Cu(PDF#04-0836)
(1}1)( ) (220):1 Gl (11|1)( ) (220), G1),

| Al(PDF#04-0787) | | Al(PDF#04-0787)
| 1 11 1
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Fig. 8 XRD patterns of copper coating with a single additive of VMS(A), VMS+PEG(B),
VMS+SPS(C) and VMS+PAN(D)

FIO7R T Z A sl fE B /9 XRD 3%, 22 4 50 H 1T AN O S T 200 280 Wi 9 (A) iR,
TE VMS+PEG+SPS Hr, il (111), (200)F1(220) fb A, (200) A AHXT A fb T8, X AT BESE PEG F
SPS AL 4 A AE R, I 2R T (200) &b T2 R IEI9(B) AT UL, 7E VMS+PEG+PAN Hr, 4% A 1Y
(1) F LA K, BB IE K, #4548 AU (220) dl B0 A 1, AR FIERE, (220) Shir£R0uk
s HE9(C)ATIL, 7E VMS+SPS+PAN b, Fi R LI (111) f TR BRI A A, BEE B RE R, A8
1 (220) T ERL AR A, AHA T EAIE . (220) Al AR R 5 H 819 (D) AT UL, 7E VMS+PEG+SPS+
PANH, #i5(111), (200)F1(220) fymA 4, (111)F1(200) F#EAE T, H.(200) S 00 i ] 42 2% .
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Fig. 9 XRD patterns of copper coating with multiple additives of VMS+PEG+SPS(A), VMS+PEG+PAN(B),
VMS+SPS+PAN(C) and VMS+PEG+SPS+PAN(D)

Table 4 TC of copper coating with multiple additives at different time

Electrolyte t/min rec) Electrolyte t/min Tece)
(11D (200) (220) (111) (200) (220)
VMS+PEG+SPS 1 50.5 49.5 0 VMS+SPS+PAN 1 100 0 0
2 44.6 55.4 0 2 78.5 215 0
5 39.1 46.4 14.6 5 21.0 8.5 70.5
10 333 42.6 24.1 10 5.0 2.1 92.9
VMS+PEG+PAN 1 100 0 0 VMS+PEG+SPS+PAN 1 524 47.6 0
2 774 22.6 0 2 50.4 49.6 0
5 453 18.2 36.5 5 453 39.8 14.9
10 30.8 14.6 54.7 10 39.9 40.3 19.8
3 &

e B R Ak 2 5 1 40 S0 0 B T B — 0 590 e Z2 s o 550 D) ol I 7 X ) e 2t 2o R ) 52 e AL
PEG SR B AZ 22 F2 , SPS 5 PAN AN SZMAAR BUA%A T R &A=, PEG, SPSFIPAN Jh[ml/fE H AT ik — 20 Al i
B S TE R . R AR AR TR SE T SN PEG A1 SPS #47 0] fig F PAN 754 A 2 1A 2 Bf .
1t SEM AHTXRD 4878 T 438 e e #9528 50 5 25 A i g . 3 RS in el 1e) 42 2 i D R0V R G 4
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