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Abstract: The diffusion barrier Ni−Mo−P film for Cu interconnects was prepared on SiO2/Si substrate using electroless method. The 
surface morphology and composition during the formation process of electroless Ni−Mo−P film were investigated through analyzing 
samples of different deposition time. Induced nucleation, induced co-deposition, and self-induced growth mechanisms involved in 
electroless process were confirmed by field-emission scanning electron microscopy (FE-SEM), energy dispersive spectrometry and 
atomic force microscopy (AFM). Firstly, the preceding palladium particles as catalysts induce the nucleation of nickel. Secondly, the 
nickel particles induce the deposition of molybdenum and phosphorus, which attributes to induced co-deposition. Thirdly, former 
deposited Ni−Mo−P induces deposition of the latter Ni−Mo−P particles. Moreover, the reaction mechanism was proposed with the 
oxydate of −3

4PO . 
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1 Introduction 
 

Copper has been widely used instead of aluminum 
in ultra-large scale integration (ULSI) technology for 
integrated circuit (IC) owing to its lower electrical 
resistance and higher electromigration resistance [1−6]. 
However, the interdiffusion between Cu and SiO2 would 
likely happen when the temperature reached 473 K [7,8]. 
Moreover, the adhesion between Cu and SiO2 substrate is 
weak [9,10]. So, a diffusion barrier between Cu and 
SiO2/Si substrate should be formed to prevent the 
diffusion of Cu atoms into the substrate and meanwhile 
to improve the adhesion between Cu and substrate. In 
order to employ a simple procedure, reduce the cost of 
process, and obtain the good step coverage with 
nano-scale trenches and vias, electroless deposition of 
diffusion barrier has been of great interest [1−11]. 
PAUNOVIC et al [12] prepared Ni−P, Co−P coatings 
using electroless deposition. They found that coatings 
with high P content exhibited amorphous state thus were 
effective to prevent interdiffusion between Cu and Si. 
However, Ni−P and Co−P coatings had bad thermal 
stability. Therefore, Mo and W were considered to 

improve thermal stability of coating. KOHN et al [13] 
studied Co−W−P and Co−Mo−P coatings as barrier 
layers. They found that the maximum content of W was 
11% (mole fraction), while Mo content was only 2.7% 
(mole fraction). OSAKA et al [14,15] deposited Ni−B, 
Ni−W−B and Ni−Re−P coatings and investigated barrier 
property, composition, and thermal stability of coatings. 
CHANG [16] electrodeposited the Ni−W−P coatings. He 
adjusted pH value, concentration of Na2WO4, 
temperature of solution to control the property of 
coatings. WU et al [17] deposited Ni−Mo−P films on 
SiO2 substrate and assessed the barrier property of 
Ni−Mo−P films. The results showed excellent barrier 
properties after 400 °C annealing for 1 h. LIU et al [11] 
used PdCl2 activation and self-assembly method to 
deposit Ni−Mo−P film directly on SiO2 substrate without 
any seed layer successfully. Among varies of ternary 
alloy coatings, Ni−Mo−P exhibited outstanding barrier 
properties thus should receive more attention. But few 
reports explain the formation process of Ni−Mo−P film 
in details with corresponding experimental results. In this 
work, the forming process of Ni−Mo−P was studied 
experimentally. The morphology transformation of 
electroless Ni−Mo−P films on SiO2 as a function of  
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deposition time was investigated, and the mechanism of 
the nucleation and growth of Ni−Mo−P films by 
electroless deposition on SiO2 was studied. 
 
2 Experimental 

 
(100)-oriented Si wafers, coated with 250 nm-thick 

thermal oxide (SiO2) layers, were used as the substrates. 
The pretreatment process of substrates included the 
cleaning, coupling and activation stage. Cleaning 
solution included acetone, 10% HCl, deionized water 
chronologically. 3-ammonium propyl silane three oxygen 
radicals and PdCl2 were used as coupling agent and 
activation agent, respectively. The electroless plating 
bath composition was 25 g/L NiSO4·6H2O, 0.34 g/L 
Na2MoO4·2H2O, 20 g/L NaH2PO2·H2O, 25 g/L 
Na3C6H5O7·2H2O, 2.1 g/L acetic acid, 0.004 g/L NH4F, 
and 0.008 g/L sodium dodecyl sulfate. The pH value and 
bath temperature were 11.5 and 80−90 °C, respectively. 
The deposition time was 1−60 s from the beginning of 
deposition. 

The surface morphology of Ni−Mo−P films was 
investigated by field emission scanning electron 
microscopy (FE−SEM), and the composition of deposits 
was detected by energy dispersive spectrometry (EDS). 
Atomic force microscopy (AFM) was used to observe 
the three-dimensional microstructures of Ni−Mo−P 
deposits. 

 
3 Results and discussion 
 
3.1 Forming process of Ni−Mo−P deposit 

Figure 1 shows a series of FE−SEM images of the 
electroless Ni−Mo−P deposited at different time. It can 
be seen from Fig. 1 that when the deposition process 
went on, the deposit layer gradually became more 
continuous and uniform. Additionally, both the thickness 
and granule size of the electroless Ni−Mo−P alloy on 
substrate increased. 

Figure 1(a) shows the surface image of the 
electroless Ni−Mo−P alloy deposited for 1 s after the 
beginning of the deposition, where an incontinuous and 
semi-bright monolayer on the SiO2 surface can be clearly 
observed. This semi-bright monolayer consisted of Pd 
granules according to the EDS results, no Ni, Mo, or P 
element was detected. However, such monolayer of the 
electroless Ni−Mo−P alloy cannot be observed after 3 s 
deposition, as shown in Fig. 1(b), where fine granules 
spread all over the surface. Based on the EDS analysis, 
although the semi-bright monolayer disappeared, 
palladium could be detected on the surface and it still 
showed no trace of the elements of nickel, molybdenum 
and phosphorus. Figure 1(c) illustrates that after 
initiation for 7 s, some large particles distributed on the 
surface randomly, which contained palladium and nickel 
according to the elemental analysis. Other areas without 

 

 
Fig. 1 FE−SEM images of electroless Ni−Mo−P deposited for different time: (a) 1 s; (b) 3 s; (c) 7 s; (d) 10 s; (e) 12 s; (f) 15 s;     
(g) 20 s; (h) 25 s; (i) 30 s; (j) 40 s; (k) 45 s; (l) 60 s 
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these large particles only showed signs of silicon and 
oxygen as contended in the substrate. Such large 
particles may have formed due to the agglomeration of 
fine palladium nanoparticles followed by the deposition 
of nickel. In addition, it also revealed that nickel was 
more likely to deposit around the palladium particles 
rather than precipitate on the blank substrate sites in the 
early stages of electroless Ni−Mo−P deposition process 
in order to achieve a minimum total surface energy [18]. 
It can be seen that in Fig. 1(d), after 10 s initiation, the 
granule size was slightly increased and some fine 
granules were uniformly distributed on the surface. 
However, according to the elemental analysis results, 
only palladium and nickel as well as the elements in the 
substrate were detected on the surface. A bright surface 
with fine granules appeared as shown in Fig. 1(e) after 
12 s initiation, and the density of these fine granules 
increased dramatically. Moreover, all of the nickel, 
molybdenum and phosphorus were detected after 15 s 
initiation as shown in Fig. 1(f), and more large particles 
with size of 50−200 nm appeared compared with Fig. 
1(e). As shown in Fig. 1(g), the surface of the electroless 
Ni−Mo−P alloy deposited for 20 s was covered by 
uniform spherical granules with the size of 30−40 nm. As 
shown in Fig. 1(h), the granule size increased slightly 
and the density of electroless deposits increased 
evidently compared with Fig. 1(g). After 30 s initiation 
(see Fig. 1(i)), the adjacent granules began to connect 
and form aggregations after 40 s initiation (see Fig. 1(j)), 
and the granules grew and presented uniform spherical 
shape. As shown in Fig. 1(k), the surface density of 
electroless Ni−Mo−P alloy deposited for 45 s increased 
as expected. When the deposition time reached 60 s, as 
shown in Fig. 1l, a uniform and dense Ni−Mo−P layer 
with bulky particles formed completely. 

Figure 2 shows the average granule size of 
electroless Ni−Mo−P deposits as a function of deposition 
time. As shown in Fig. 2, the average granule size  
 

 
Fig. 2 Average granule size of deposits as function of 
deposition time 

basically showed exponential increase trend. The granule 
size increased slowly during deposition time from 20 to 
30 s. After 30 s, the granule size increased significantly. 

Based on the changes of surface morphology and 
composition, the formation process of continuous 
Ni−Mo−P film on SiO2 substrate can be divided into 
three stages: activating stage, covering stage, self-growth 
stage. The schematic illustration is shown in Fig. 3. In 
the initial stage the Pd2+ ions adsorbed on the substrate 
were reduced firstly, and other ions in the solution could 
not accomplish mass transformation and adsorption 
process within so short time although they were also 
reduced. Therefore, there was only palladium deposited 
on the surface. Subsequently, the covering stage started 
and nickel deposited at the activated sites around Pd 
atoms. Molybdenum and phosphorus also co-deposited 
with nickel on the surface simultaneously. Elemental 
analysis results of Figs. 1(c−e) indicated that the 
deposition of nickel was prior to the deposition of 
molybdenum and phosphorus, which was accordance 
with the induced co-deposition theory [19]. As the 
deposition process carried on, the palladium would 
eventually be covered entirely by electroless Ni−Mo−P 
deposits. After that, the deposition process entered into 
the self-growth stage, and the surface density and granule 
size would increase with deposition time. From Fig. 1, it 
can be observed that the deposited granules in different 
stages typically formed in a round shape to reduce the 
surface energy and keep stable. 
 

 
Fig. 3 Schematic illustration of formation process stages: (a) 
Activating stage; (b) Covering stage; (c) Self-growth stage 
 

AFM was used to demonstrate the deposition 
process of Ni−Mo−P film directly. Figure 4 shows the 
three-dimensional AFM surface morphology of 
Ni−Mo−P deposits at different deposition time. The 
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Fig. 4 Three-dimensional AFM images of Ni−Mo−P deposits at different deposition time: (a) 1 s (Ra=1.51 nm); (b) 12 s (Ra=3.71 nm); 
(c) 20 s (Ra=4.92 nm); (d) 30 s (Ra=7.48 nm) 
 
corresponding surface roughnesses (Ra) are 1.51, 3.71, 
4.92 and 7.48 nm, approximately. The increase of surface 
roughness with deposition time attributes to the growth 
of Ni−Mo−P granules. 
 
3.2 Reaction mechanism of Ni−Mo−P deposits 

Generally, electroless deposition consists of series 
of redox reactions. A strong reducing agent was used to 
reduce metal ions to metal which is deposited on surface 
of materials to form a dense coating [19,20]. In this  
work, −

22POH , as the reducing agent, is oxidized to 
release electrons in the reaction process. The electrons 
are involved in reduction reactions of Ni, Mo and P. 
Since it is very short for the reactions, much reducing 
agent ( −

22POH ) is probably left. Moreover, the pH value 
of reaction solution is 11.0 which means the 
concentration of OH− is high. Moreover, the existence of 
oxydate −3

4PO  is confirmed by ion chromatograph with 
the P concentration of 1.52 g/L. So the reaction showed 
by formula (1) is most likely the main oxidation  
reaction. 

 
3

2 2 4 2H PO +6OH PO +4H O 4e− − −→ +             (1) 
 
The reduction reactions are as follows [21,22]: 
 

2Ni 2e Ni+ + →                            (2)  
2 2 2H PO 2H e P+2H O− ++ + →                  (3)  

ads 2(H) e H H++ + →                         (4) 
 
2 2
4 2MoO [NiL] 2H O 2e− ++ + + →  

2
2[NiLMoO ] 4OH+ −+                    (5) 

 
2

2 ads 2[NiLMoO ] 2H O 4e+ + + → 2Mo(s) [NiL] 4OH+ −+ +  
(6) 

where L in formula (5) and (6) represents a ligand. 

 
4 Conclusions 
 

1) The surface morphology and composition during 
the formation process of electroless Ni−Mo−P film was 
confirmed. Pd, Ni, Mo and P were all detected on the 
surface. 

2) The nucleation and growth of Ni−Mo−P films by 
electroless deposition include three stages: First, the 
preceding palladium granules induce the nucleation of 
nickel as catalyst centers; Second, the nickel granules 
induce the deposition of molybdenum and phosphorus, 
which attributes to ‘induced co-deposition’; Third, the 
former deposited Ni−Mo−P induces the deposition of the 
latter Ni−Mo−P, which is called ‘self-induced 
deposition’. The average granule sizes basically show 
exponential increase trend. 

3) The reaction mechanism of electroless Ni−Mo−P 
film was studied. It is indicated that the oxydate of 

−
22POH  in alkaline solution is −3

4PO . 
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SiO2基底上化学镀 Ni−Mo−P 薄膜的生长和形成机理 
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摘  要：采用化学镀方法在 SiO2/Si 基底上制备 Cu 互联线用阻挡层材料 Ni−Mo−P 薄膜。采用场发射扫描电子显

微镜、电子分散能谱仪、原子力显微镜分析不同沉积时间样品的表面形貌和成分，并对 Ni−Mo−P 薄膜的形成过

程进行研究。Ni−Mo−P 薄膜的形成过程分为 3 个阶段：催化阶段，先前还原的 Pd 颗粒成为 Ni 还原的催化形核

中心，诱导 Ni 沉积；覆盖阶段，Ni 颗粒诱导 Mo、P 与之进行共沉积；自生长阶段，Ni−Mo−P 薄膜共同沉积，

颗粒生长。阐述了还原剂被氧化后产物为 −3
4PO 的的反应机理。 

关键词：Ni−Mo−P 镀层；诱导沉积；化学镀；SiO2基底 
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