
1 Introduction
The continuous miniaturization of electronic prod-

ucts has led to a further increase in wiring density

and metal layer stacking, and a dramatic reduction in

the size of metal interconnect features. Decreasing di-

mensions also lead to greater RC delay and IR drop

due to the exponential increase in resistivity with de-

creasing line cross-section. When the IC industry

moves beyond the 10 nm node, the electrical resistiv-

ity of copper interconnects rapidly rises at the critical

dimension of the back-end-of-line (BEOL) due to in-

creasing electron scattering from small copper parti-

cles and diffusing surfaces[1].

The main factor that affects the resistivity of metal

thin films is grain boundary scattering. Because of a

short electron mean free path (MFP), the resistivity of

metal cobalt is less affected by the grain. When the

width of interconnect line reaches 7 nm, the thin-film

resistivity of cobalt metal is similar to that of copper

metal, and so metal cobalt is considered to be the

next-generation interconnect metal[2]. Figure 1 shows

via resistance measurements for cobalt and copper

filled vias in contact with the underlying copper lay-

er. Although cobalt has three times the resistivity of

copper, the difference in via resistance between cobalt

and copper is very small[3]. Meanwhile, the copper in-

terconnect requires a TaN barrier layer with a thick-

ness of about 2 nm to prevent metal from diffusing

into the Si/SiO2 layer, which also reduces the effec-

tive filling volume of the interconnection, and results

in a further increase in interconnection resistance [4].

Cobalt interconnect can be deposited directly on

dense low-K dielectrics with C content of 24% or

above without electron drift and does not require an
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anti-diffusion layer to prevent metal electrons from

diffusing into the dielectric film[5]. The thermal expan-

sion coefficient of cobalt is close to that of silicon,

which makes cobalt become a compatible metal for

integration in silicon-based electronic chips. Until

now, cobalt interconnect line has been recommended

as the next-generation interconnect metal to meet the

needs of current and next-generation communication

equipment by Intel and Advanced Semiconductor.

Cobalt metal also acts as a barrier layer or an adhe-

sion layer, which is beneficial to increase the volume

ratio of metal conductors in nano-holes or vias and to

further improve the electrical conductivity of inter-

connect lines.

And now, cobalt interconnects in IC have been

fabricated by bottom-up electroplating cobalt filling.

However, there are only a few reports about electrode-

positing cobalt filling nano-holes or vias in chip[6, 7].

Due to the negative reduction potential of Co2+, the

hydrogen evolution occurs in the electroplating pro-

cess, and the surface uniformity of deposited cobalt

film also is a challenge[8]. The electroless plating does

not need a seed layer, and its process is simple and

low cost. In addition, our group has been engaged in

the research of electroless copper for a long time, and

has realized the bottom-up electroless copper and ni-

ckel filing for sub-micro via-holes. Therefore, based

on the present research of electroless cobalt plating,

we propose a new research plan, i.e., bottom-up elec-

troless cobalt to fill via of 7 nm or less chip for cobalt

interconnects.

2 Electroless Cobalt Plating
The electroless plating of cobalt has been first re-

ported by Brenner and Riddle[9] and used to deposit

metal cobalt on the plastics. Because of the unique

strong magnetic properties of the deposited cobalt,

electroless cobalt plating had been studied widely.

Meanwhile, the magnetic properties of cobalt film

could be adjusted by the bath composition and the

operation parameters. In addition, electroless cobalt

films and alloys could be used as barrier layers in

Damascus copper interconnects process.

2.1 Electroless Co鄄P Plating Using Sodium
Hypophosphite as a Reductant

Electroless Co-P plating using sodium hypophos-

phite (NaH2PO2) as a reducing agent has been studied

widely and the magnetic properties of the film could

be adjusted by the P content in the film. When the

content of P is more than 5 wt%, the Co-P deposited

film becomes an amorphous. Though the co-deposi-

tion of Co-P is benefitted to the improvement of wear

resistance, the electrical conductivity of cobalt film

also increased with the P content.

The electroless Co-P plating solution uses cobalt

sulfate as the cobalt source, sodium citrate and sodi-

um tartrate as complexing agents, and the pH of the

solution may be controlled to be about 8-11. Frieze,

et al. [10-12] found that the deposited particle size and

density of Co-P film depended strongly on NaH2PO2

concentration and the bath temperature. Liu et al. de-

posited the electroless Co-P films on Si wafers[13]. Yu

et al.[14] investigated the effects of the ultrasonic wave

on the deposition rate of electroless Co-P plating and

surface morphology. The deposition rate could be en-

hanced clearly by the ultrasonic wave treatment due

to the quickly escape of H2 bubbles generated in the

electroless plating and temperature increase of the

bath. In addition, the high-power ultrasound caused a

high molecular collision on the surface of the film,

resulting in a smooth Co-P coating (Figure 2). Maga-

gnin et al.[15] reported that the high pH in the bath was

Figure 1 Cumulative percent of normalized resistance for the

via filled by Cu or Co (Reproduced with permission of Ref. 3,

Copyright 2011 IEEE)
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beneficial to the increase of the deposition rate and

had a little effect on the P content in the coating.

2.2 Electroless Co鄄B Plating System Using
Boride as a Reductant

2.2.1 Sodium Borohydride (NaBH4) as a Reductant

Co-B films have higher hardness, corrosion resis-

tance, and melting point than those of Co-P films.

When NaBH4 is used as a reductant in the cobalt plat-

ing solution, the NaBH4 concentration affects directly

the deposition rate and stability of the solution. With

the increase of the reductant concentration, the elec-

troless cobalt deposition rate can be enhanced

markedly, but the stability of the bath decreased. Due

to the high boron content in the coating, the resistivi-

ty of electroless Co-B film can be much higher than

that of pure cobalt film.

Chang et al. [16] deposited successfully the amor-

phous Co-B binary alloy on copper sheet in the elec-

troless cobalt solution by using NaBH4 as a reducing

agent, and after annealing at 220 oC in He/H2 atmo-

sphere, the amorphous Co-B alloy was transformed

into a hexagonal close-packed cobalt. Deng group [17]

investigated the formula of Co-B electroless plating

solution by an orthogonal experiment. After an an-

nealing treatment, the amorphous CoB alloy was

changed to Co2B crystalline[18].

2.2.2 Dimethylamine Borane (DMAB) as a Reductant

When dimethylamine borane (DMAB) is used as a

reductant and the bath temperature is controlled at 75
oC, the electroless cobalt plating solution exhibits a

wide pH operating range and strong regeneration a-

bility. It has been reported that DMBA has a low re-

dox potential and is able to reduce Co2+ to metal

cobalt in acidic or alkaline baths[19], but the oxidation

Figure 2 The effects of ultrasonic powers on surface morphology of Co-P films (Reproduced with permission of Ref. 14, Copyright

2014 Chinese MRS)
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rate of DMAB is very slow in the absence of Pd acti-

vation.

The reducing ability of DMAB is between sodi-

um borohydride (NaBH4) and sodium hypophosphite

(NaH2PO2), and the stability of the plating solution is

better than that of NaBH4 solution. The bath stability

and the boron content in the CoB coating were found

to be affected by the bath pH, and the boron content

in the coating was decreased with the increase of the

pH vale[20].

Saito et al.[21] found that the boron content in CoB

film was influenced by the coordination ability of

complexing agent. For complexing agent with strong

coordination ability, the deposition rate of the bath

was reduced and the boron content in the coating was

increased, resulting into a formation of amorphous

Co-B films. Shacham-Diamand et al. [22] studied the

effects of DMAB concentration on the deposition

rate, resistance, element distribution and surface

roughness in the films, and found that the boron con-

tent in the film was determined by the surface ad-

sorption rate of the reductant. Stankeviciene et al. [23]

found that the induction period and the deposition

rate of the electroless cobalt solution could be short-

ened and enhanced with an addition of diethylenetri-

amine. Ivan et al. [24] found that the deposited amor-

phous Co-B films could be transformed into hexago-

nal close-packed cobalt in H2/N2 atmosphere with an

increase of annealing temperature (Figure 3). Chang et

al. [25] deposited electroless Co on the surface of cop-

per wires by a selective autocatalytic process and the

sheet resistance (R s) of the deposited film with a boron

content of 1.4 at.% ~ 4.4 at.% was lower than that of

the Pd-catalyzed cobalt film.

2.3 Electroless Co Plating Using Hydrazine
(N2H4) as a Reductant

Electroless Co plating using NaH2PO2, NaBH4 and

DMAB as reductants is easy to incorporate a certain

amount of P and B in the cobalt film, which affects

the conductivity, crystallinity and solderability. How-

ever, when hydrazine is used as a reductant, almost

pure metal Co film may be obtained.

The composition of electroless cobalt plating with

hydrazine as a reductant is as follows: cobalt sulfate

or cobalt chloride as a cobalt source, and sodium cit-

rate or sodium tartrate as a complexing agent. Cheng

et al.[26] obtained a pure metallic cobalt film with hex-

agonal close-packed crystal structure in electroless

cobalt solution. Yagi et al.[27] found that H2PtCl6 addi-

tion could provide nucleation sites for cobalt deposi-

tion, and the particle size and its distribution became

clear. Stojan et al.[28] reported that the deposition rate

was increased with the increases of pH, bath temper-

ature and concentrations of hydrazine and Co2+, but

the surface roughness of the electroless cobalt film

was increased correspondingly with the above-men-

tioned factors (Figure 4). Ohno et al. [29] investigated

the anodic oxidation catalytic activity of different re-

ductants and found that the anodic oxidation poten-

tial for hydrazine (-0.940 V) in electroless cobalt plat-

ing solution was lower than these for DMAB (-0.832

V) and NaH2PO2 (-0.854 V), which indicated that hy-

drazine has a stronger reducing ability than DMAB

or NaH2PO2.

Although hydrazine can be used as a reductant to

obtain a high-purity cobalt film, H2 and N2 are easily

incorporated to the film, causing hydrogen embrittle-

ment. The doped gas could be escaped by heat treat-

ment, and the stress and electrical resistivity of the

electroless cobalt film could be guaranteed. However,

Figure 3 Co 2p high-resolution XPS spectra of Co-B film af-

ter annealing treatment in H2/N2 atmosphere with various tem-

peratures (Reproduced with permission of Ref. 24, Copyright

RSC 2019).
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Figure 5 Cross-sectional SEM images of electroless copper

filled trenches for different time in the solution containing 0.5

mg窑L-1 SPS (Reproduced with permission of Ref. 34, Copy-

right 2004 The Electrochemical Society).

Figure 4 SEM images of electroless Co films, bath components: CN2H4
= 0.032 mol窑L-1, C

Co
2+ = 0.08 mol窑L-1, deposition condition:

(a) pH = 12.13, T = 62.5 oC; (b) pH= 12.73, T = 72 oC (Reproduced with permission of Ref. 28, Copyright 1997 The Electrochemi-

cal Society).

the biggest problem for hydrazine system is the very

low deposition rate, less than 1 滋m窑h-1.

3 Bottom鄄up Electroless Filling for
Sub鄄Micro Via鄄Holes in Semicon鄄
ductor Interconnection Line

3.1 Bottom鄄up Electroless Copper Filling
Solution

3.1.1 Single Additive for Bottom-up Electroless

Copper Filling

Although sodium polydithiodipropyl sulfonate (SPS)

has been also widely used in the field of electroplating

copper filling technology[30,31], Shingubara and Wang et

al.[32-35] first realized the bottom-up electroless copper

filling of sub-micron via-holes using SPS as an accel-

erator and glyoxylic acid as a reducing agent (Figure

5). It was found that the diffusion coefficient of addi-

tives played a crucial role in realizing bottom-up

electroless copper plating. Kim et al.[36] also achieved

bottom-up electroless copper plating filling of mi-

cro-holes with an appropriate addition of SPS in

formaldehyde electroless copper solution. Osaka et

al.[37] found that polyethylene glycol (PEG) with a mo-

lecular weight of 4000 (PEG-4000) could reduce the

deposition rate of electroless copper plating using

glyoxylic acid as a reducing agent. Due to the large

molecular weight and slow diffusion rate of

PEG-4000, a concentration gradient of PEG in the

via-holes was formed, which resulted in that the depo-

sition rate of electroless copper in the bottom of the

sub-micro hole is much higher than that on the sur-

face (Figure 6a), and a perfect bottom-up electroless

copper plating filling was achieved (Figure 6b). Wang

et al. [38] compared bottom-up filling in electroless

plating with the additions of PEG, PPG and EPE, and

found that a perfect filling of electroless copper could

be achieve by an addition of EPE-2000 (Figure 7a)
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Figure 6 (a) Variations of the thickness of copper deposit with time at the bottom (Tbottom) and at the opening (Topening) of trenches; (b)

Cross-sectional SEM images of electroless copper filled trenches for different time in the solution containing 1 mg窑L-1 PEG-4000

(Reproduced with permission of Ref. 37, Copyright 2007 American Institute of Physics).

due to the strongest inhibition among the three addi-

tives. Further, the effects of additives triblock copoly-

mer PEP-3100 and EPE-8000 on bottom-up filling in

electroless copper plating were also investigated[39, 40].

Figure 7b shows the cross-sectional SEM images of

electroless copper filled trenches with different depo-

sition time in the solution containing 1 mg窑L-1 EPE-

8000.

3.1.2 Formation of the Bottom-up Electroless Cop-

per Filling with the Synergistic of Accelerator

and Inhibitor

In order to achieve complete bottom-up filling of

electroless plating, the deposition rate of electroless

copper in the bottom should be much higher than that

on the surface of substrate. And so, a synergistic effect

between the accelerator and inhibitor is designed.

When the accelerator with a small molecular weight

(MW) and the inhibitor with a large MW are added

into the electroless copper solution, the distribution

of accelerator in the via-hole is uniform, but the in-

hibitor adsorbs much more on the surface than that in

the bottom of via-holes, and a concentration gradient

of the inhibitor in the hole is formed. Through the

synergistic action of the inhibitor and accelerator, the

deposition was accelerated in the bottom of holes and

was suppressed on the surface of the substrate, and a

perfect bottom-up electroless copper filling without

voids and gaps were achieved. Osaka et al.[41,42] found that

when 8-hydroxy-7-iodo-5-quino line sulfate (HIQSA)

and PEG-4000 were added to the electroless copper

Figure 7 (a) Cross-sectional SEM images of electroless Cu filled profiles with additions of 2.0 mg窑L-1 PEG-2000 (top), PPG-2000

(middle) and EPE-2000 (bottom); (b) Cross-sectional SEM images of electroless copper filled trenches with different deposition

time in the solution containing 1 mg窑L-1 EPE-8000 (Reproduced with permission of Ref. 39, Copyright 2010 The Electrochemical

Society).
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Figure 8 (a) Effect of SPS concentration on the deposition rate of electroless Cu; (b) Effect of PEG concentration on the deposition

rate of electroless Cu; Cross-sectional SEM images of electroless Cu filled trenches for different deposition time (c) and with differ-

ent sizes (d) in the solution containing 1 mg窑L-1 PEG-4000 and 0.5 mg窑L-1 SPS (Reproduced with permission of Ref. 44, Copyright

2011 Elsevier Ltd.).

plating solution using formaldehyde as a reductant,

the electroless copper deposition was accelerated by

HIQSA in the bottom of the micro-holes and was in-

hibited by PEG-4000 at the top of the holes. Wang et

al.[43, 44] found that there existed a synergistic effect be-

tween SPS and PEG-4000 in the electroless copper

plating solution using formaldehyde or glyoxylic acid

as a reductant. The copper deposition was inhibited

by the high concentration PEG on the surface of the

via-hole and was accelerated simultaneously by the

low concentration PEG in the bottom of the via-hole

(Figure 8a and 8b), and the micro-trenches with a

width of 100 ~ 290 nm were filled by the electroless

copper (Figure 8c and 8d). When 2-mercaptobenzo-

thiazole as an accelerator and polyether with an aver-

age MW of 3650 as an inhibitor were added in the

electroless copper plating solution, the bottom-up

electroless copper plating filling was also achieved[45].

3.2 Bottom鄄up Electroless Nickel Plating
Wang et al. [46] first reported bottom-up electroless

nickel plating to fill micro-holes. Polyacrylic acid

(PAA) with a MW of 3000-5000 could effectively in-

hibit the deposition rate of nickel in bath (Figure 9a).

When the PAA concentration was 2.0 mg窑L-1, the de-

position rate of electroless nickel was reduced to

36% of the bath without PAA. Therefore, a perfect

bottom-up electroless nickel filling of sub-mi-

cro-holes with widths from 80 to 260 nm was ob-

tained in electroless nickel plating bath with an addi-

tion of 2.0 mg窑L-1 PAA (Figure 9b and 9d).

3.3 Bottom鄄up Electroless Cobalt Plating
Though IBM and ASE companies have replaced

some copper interconnects with cobalt interconnects

in 7 nm interconnection by bottom-up cobalt electro-

plating filling, the fabrication of the cobalt seed layer

and the bottom-up electroplating cobalt filling are

still the large challenge. The electroless plating does

not require any seed layer, and the electroless copper

and nickel depositions are able to fill sub-microholes.

It is, therefore, very necessary to research and devel-

op bottom-up filling of electroless cobalt plating for

the 7 nm interconnection line.

4 Summary and Outlook
In this paper, the research progress of the electro-

less cobalt deposition is reviewed, and the effects of

the reductant kinds and plating conditions on the
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Figure 9 (a) Effect of PAA mass concentration on the rate of electroless Ni deposition; (b) Cross-sectional SEM images of electro-

less Ni filled trenches for different time in the solution containing 2 mg窑L-1 PAA; (c) Effect of PAA on the polarization behavior

of electroless Ni plating bath; (d) Cross-sectional SEM images of electroless Ni filled trenches with different sizes (Reproduced with

permission of Ref. 44, Copyright 2012 The Electrochemical Society).

quality of the cobalt film are discussed. When hy-

drazine is used as a reductant, a pure cobalt deposi-

tion film may be obtained, but the deposition rate of

the solution is very low. On the other hand, the re-

searches of the bottom-up filling submicro via-holes

by electroless copper plating or electroless nickel

plating are summarized. The bottom-up filling mech-

anisms for electroless plating by an inhibitor and/or

synergy effects of inhibition and accelerate are dis-

cussed. On the basis of the research development and

realistic industrial demand, a bottom-up filling of

electroless cobalt for 7 nm via-hole in semiconductor

cobalt interconnects is proposed.
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化学镀钴和超级化学镀填充的研究进展

沈 钰袁李冰冰袁马 艺袁王增林*

渊陕西师范大学化学化工学院袁陕西西安 710062冤

摘要:随着半导体集成度的不断提高袁铜互连线的电阻率迅速提高遥 当互连线宽度接近 7 nm时袁铜互连线的电
阻率与钴接近遥 IBM和美国半导体公司渊ASE冤已经使用金属钴取代铜作为下一代互连线材料遥然而袁钴种子层的
形成和超级电镀钴填充 7 nm微孔的技术工艺仍是一个很大的挑战遥 化学镀是在绝缘体表面形成金属种子层的
一种非常简单的方法袁通过超级化学镀填充方式袁直径为几纳米的盲孔可以无空洞和无缝隙的方式完全填充遥
本文综述了化学镀钴的研究进展袁并分析了还原剂种类对化学镀钴沉积速率和镀膜质量的影响遥同时袁在长期从
事超级化学填充研究的基础上袁作者提出了通过超级化学镀钴技术填充 7 nm以及一下微盲孔的钴互连线工艺遥
关键词:化学镀曰超级化学镀钴曰超级化学镀铜曰铜互连线曰钴互连线
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