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Abstract

The growth morphology and crystallinity of the electroless NiP deposited on Si substrate pretreated by SnCl2/HCl and PdCl2/

HCl solutions is studied using transmission electron microscope (TEM), field emission scanning electron microscope (FESEM),

and energy dispersive X-ray spectrum (EDS). Combining cross-sectional and surface observations show that the reaction

mechanism of electroless NiP on Si is an electrochemical mechanism and the deposits are composed of a columnar structure

grown along the vertical direction of the substrate surface. The phosphorus content does not have influence on the growth

morphology but affects the crystallinity of the deposits. The crystallinity of the deposits is directly observed by the lattice image

using high-resolution transmission electron microscope (HRTEM). The as-deposited NiP with 10.7 at.% P possesses good

crystallinity and consists of Ni nanocrystal about 4–8 nm distributed randomly in the deposits. The size of nanocrystal in the

deposits with 15.2 at.% P is about 2–5 nm. The deposits with 20.3 at.% P have a smaller order range and the size of nanocrystal is

under 1.5 nm. The grain size decreases as the phosphorus content increases.
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1. Introduction

Since the electroless nickel plating technique was

introduced by Brenner and Riddell in 1946 [1], the

electroless plating technique have been applied in

electronics, machinery, automotive, aerospace, oil

and gas, and chemical engineering industries, due to

its simplicity in operation, low cost in equipment, and

mass production in many suitable case [2,3]. In the

past several years, electroless deposition was widely

used in the electronic and semiconductor-device

industries for delineating semiconductor junctions

[4,5], making ohmic contact [6], filling vias [7], and

patterning printed circuit boards [8]. Recently, the

investigations of nanostructures fabricated on silicon

wafer for the development of nano-devices have been

reported successively [9–11]. The electroless plating

is one of the most attractive manufacturing methods in

mass-production of nanostructures [12].

The electroless NiP is an important electroless

deposition alloy in electronic and semiconductor-

device industries due to its excellent corrosion resis-

tance, solderability, thermal stability, and electrical

property. Several researchers have investigated the
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electroless NiP deposition on silicon wafer. The first

attempt to deposit electroless nickel for ohmic contact

onto Si was made by Sullivan and Eigler in 1957 [6].

Iwasa et al. [4] made a study of the electroless nickel

deposition on Si wafer with p–n junctions using con-

ventional solutions. Singh and Mitra [13] investigated

the influence of pH and bath temperature on NiP/Si

contact resistance. Don et al. [14] studied the structure

and electrical properties of chemical deposited Ni/Si

contacts. In more recent years, Lynch et al. [15]

studied the interfacial electrical properties of electro-

less NiP contact on silicon. Rohan et al. [16] deposited

the NiP on Si wafer as a final barrier/bonding layer

material for microelectronics applications. Lin and

Chen [17] deposited electroless NiP on silicon wafer

simulating the UBM of flip chip solder bump. Wang

et al. [18] and Kordás et al. [19] made the study about

the selective deposition of NiP on silicon under laser

irradiation. Takano and co-workers [20,21] investi-

gated the mechanism of the electroless nickel deposi-

tion on Si wafer in aqueous alkaline solution for

fabricating fine metal dot arrays. We have investigated

the catalytic effect of electroless NiP alloy on Si wafer

for the growth of carbon nanofibers [22]. As men-

tioned above, there have numerous reports on the

study of the electroless NiP deposits on Si substrate.

In most of these studies, the applications of the

electroless NiP deposited on Si wafer were investi-

gated. Only little investigation about the growth

morphology and crystallinity of the electroless NiP

deposits on the sensitized and activated Si substrate

was published. Several fundamental problems on the

growth morphology and reaction mechanism of the

electroless NiP on Si are not completely clear. Thus, a

more detailed examination for the growth morphology

and crystallinity of the electroless NiP deposition on

Si pretreated by SnCl2/HCl and PdCl2/HCl is required.

In general, the investigation on the growth mechan-

ism of the electroless NiP deposition was often

observed by the surface morphology. Lack of the

information about the lateral morphology made the

growth mechanism of the electroless NiP still con-

troversial in some aspects. The crystallinity of the NiP

deposit was always determined by the electron dif-

fraction and X-ray diffraction. These conventional

methods are short of the direct evidences to distinguish

the amorphous or nanocrystal in the deposits. In this

present study, we made a thorough investigation on the

growth morphology and crystallinity of electroless

NiP with various phosphorus contents deposited on

silicon wafer sensitized by SnCl2/HCl and activated

by PdCl2/HCl. Both the surface topography and the

cross-sectional image were used to study the growth

morphology of the electroless NiP deposited on

Si. The crystallinity of the as-deposited NiP film

was directly identified by the lattice image using

high-resolution transmission electron microscope

(HRTEM).

2. Experimental

The substrates for electroless plating used in this

study were p-type (1 0 0) silicon wafer (resistivity

about 1–20 O cm). The silicon wafers were degreased

by ultrasonic vibration in acetone. The degreased

specimens were cleaned with a solution mixed one

part of H2SO4 and one part of H2O2 for 15 min and

then etched in 10% HF aqueous solution to remove

oxide. Prior to the electroless plating process, it is

necessary to sensitize and activate the depositing

surface of silicon wafer using SnCl2/HCl solution

(40 g/l SnCl2 þ 3 ml/l HCl) and PdCl2/HCl solution

(0.15 g/l PdCl2 þ 3 ml/l HCl). The etched specimens

were sensitized by immersion in SnCl2/HCl solution

for 2 min and activated by immersion in PdCl2/HCl

solution for 30 s. After each pretreatment step, as

mentioned above, the specimens were rinsed in dis-

tilled water.

The plating solution used in this work was com-

posed of a mixture of NiSO4, NaH2PO2, Na2C4H4O4,

and Pb(NO3)2, where NiSO4 as the main nickel

sources, NaH2PO2 as the reducing agent, Pb(NO3)2

as the stabilizing agent, and Na2C4H4O4 as buffer and

complex agent for nickel. The composition of plating

solutions and the experimental condition are list in

Table 1. The pH of the plating solution was adjusted

with NaOH aqueous solution.

Transmission electron microscope (TEM) (JEOL

Ltd., JEM-2010) was utilized to observe the cross-

sectional image of the electroless NiP film. The sur-

face topography of the deposit was observed by field

emission scanning electron microscope (FESEM)

(JEOL Ltd., JSM-6330FEM). The elemental analysis

of the deposits was identified by a TEM equipped with

an Oxford Link energy dispersive X-ray spectrum
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(EDS). The Cliff–Lorimer ratio technique was

employed as the chemical composition quantification

method. The ratio standard element and line are

silicon and K series. Ten composition analysis points

were measured at least for one sample. The lattice

image of the deposits obtained at different pH values

was characterized by HRTEM (JEOL Ltd., JEM-

2010).

3. Results and discussion

3.1. Pretreatment

Fig. 1a is the TEM cross-sectional image of the Si

substrate pretreated by immersion in SnCl2/HCl solu-

tion for 2 min. The sensitization layer is continuous

and covers the substrate surface uniformly. The thick-

ness of the sensitization layer is approximately

Table 1

The composition of plating solution and experimental condition for

electroless NiP plating

Chemicals Concentration (g/l)

NiSO4�6H2O 20

NaH2PO2�H2O 27

Na2C4H4O4�6H2O 16

Pb(NO3)2 1 ppm

pH ¼ 4.2, 4.8, 5.2 Temperature 70 8C

Fig. 1. (a) TEM cross-section image of the Si substrate pretreated

by immersion in SnCl2 solution for 2 min. (b) TEM cross-section

image of the Si substrate pretreated by immersion in SnCl2 solution

for 2 min and in PdCl2 solution for 30 s. (c) FESEM surface

topography image of the Si substrate pretreated by immersion in

SnCl2 solution for 2 min and in PdCl2 solution for 30 s.
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Fig. 2. EDS spectra of (a) the sensitized specimen and (b) the

activated specimen.
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3–5 nm. In Fig. 1a, we also find that there is an

amorphous layer of which the thickness is about

2–3 nm between the Si substrate and the sensitization

layer. Fig. 2a is the EDS spectrum of the sensitized

specimen. The EDS analysis reveals that the sensitiza-

tion layer consists mainly of Sn and Cl. The signal of

Cu is probably from the copper grid. The existence of

O peak in the EDS spectrum implies the amorphous

layer in Fig. 1a is SiO2. The SiO2 layer is maybe

produced in distilled water rinse before the sensitiza-

tion treatment.

Fig. 1b and c is the TEM cross-sectional image and

the FESEM surface topography of the Si substrate

pretreated by immersion in SnCl2/HCl solution for

2 min and in PdCl2/HCl solution for 30 s in sequence,

respectively. The activation pretreatment is appeared

to produce small catalytic particles exhibited island

form dispersed on the sensitization layer. These cat-

alytic particles with different size sparsely and

unevenly dispersed on the sensitized surface of Si

substrate. The size of these catalytic particles is

approximately 5–30 nm and some larger catalytic

particles with 50–70 nm have been also observed.

The EDS analysis of the activated specimen, as seen

in Fig. 2b, indicates that the signals of Sn and Pd

are presented in the spectrum and confirms that the

catalytic particles on the sensitization layer are Pd

particles.

Fig. 3. TEM cross-section images of the electroless NiP alloy plating for various deposition time deposited at pH 5.2: (a) 2 s; (b) 4 s; (c) 6 s;

(d) 15 s; and (e) 60 s.
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3.2. Growth morphology

In Figs. 3 and 4, we present the growth morphology

of the electroless NiP deposits on Si substrate in

different deposition stage. The pH value of the plating

solution is 5.2 and the average phosphorus content of

the deposit is 10.7 at.% determined by EDS. Fig. 3a–e

illustrates the TEM cross-sectional image of the

deposit plating for 2, 4, 6, 15, and 60 s, respectively.

Fig. 4a–e shows the corresponding FESEM surface

topographies of these deposits. The deposits plating

for 2 s, as shown in Figs. 3a and 4a, have a similar

morphology as the activated specimens (as see in

Fig. 1b and c). We cannot determine whether the Ni

has been deposited on the substrate from these obser-

vations. Fig. 5a is the EDS spectrum of the deposits for

2 s. We can find the signals of Ni, P, Pb, Sn and Pd

presented in the EDS spectrum. The presence of Ni

peak in the EDS spectrum indicates that the Ni

particles have been deposited on Si in the deposition

duration. The signals of P, Pb and Sn appeared in the

EDS spectrum reveals that the P and Pb co-precipi-

tated with Ni in the initial stage of deposition and the

sensitization layer still existed on the substrate.

Fig. 4. FESEM surface topography images of the electroless NiP alloy plating for various deposition time deposited at pH 5.2: (a) 2 s; (b) 4 s;

(c) 6 s; (d) 15 s; and (e) 60 s.
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Another phenomenon worthy of mentioning is that the

peak of Ni presents together with the peak of Pd in the

EDS analysis of the deposits for 2 s. This phenomenon

implies that the initial deposition of NiP related to the

presence of Pd. The deposition of Ni can occur at any

place where the electrons can be offered for Ni ions

reduced to Ni metal. The Pd particles act as charge

exchange and hydrogen evolution centers, thus the

initial deposition is easily occurred at the vicinity of

Pd particles.

Observing the cross-sectional images in Fig. 3a and

b, the initially deposited NiP particles were sparsely

dispersed on the substrate and then the deposit became

dense and covered all the surface of substrate gradu-

ally as the deposition proceeded. The number of the

deposited NiP particle is clearly increasing as the

deposition time increasing. In Fig. 3b, the size of

the deposited particles is approximately 5–10 nm.

These results are the same as shown in Fig. 4a and

b. There is a larger amount of fine NiP particles

deposited between the original particles in the deposits

for 4 s. Fig. 5b is the EDS spectrum detected in some

places of the deposits for 4 s. It reveals that these

places in deposits consist mainly of Ni and have no Pd

appeared in which. The beam size of the EDS analysis

is about 25 nm and the average particle size of the NiP

particles is smaller than 10 nm. We can infer that the
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Fig. 5. EDS spectra of the deposits deposited at pH 5.2 plating for:

(a) 2 s; and (b) 4 s.

Fig. 6. Schematic of the growth process for the electroless NiP

deposited on Si substrate pretreated by SnCl2/HCl and PdCl2/HCl

solutions.
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deposition of NiP is nucleated not only on the Pd

particles but also between the Pd particles from these

observations. The result is divergent from the obser-

vations of Marton and Schlesinger [23] and Severin

et al. [24]. They concluded that the growth of NiP

starts only on Pd particle basely on the chemical

reduction mechanism. However, Hwang and Lin

[25] who investigated the nucleation and growth of

electroless CoP on HOPG with AFM had a similar

result as our observations and concluded the reaction

mechanism appears to be an electrochemical mechan-

ism.

In Fig. 3c, the average thickness of the deposit for

6 s is approximately 20 nm. The deposited particles

grew and coalesced together and the deposits became

denser than the deposits for 4 s. This observation is

confirmed by the surface micrograph of the deposits

for 6 s, as is seen in Fig. 4c. The increasing in size and

decreasing in number of NiP particle mean that the

NiP particle gradually grew and coalesced in this

deposition stage.

Fig. 3d and e is the TEM cross-sectional image of

the deposits for 15 and 60 s, respectively. It is clear

that the deposits are composed of a columnar structure

grown in the vertical direction of the substrate surface.

When the deposits become dense and continuous on

the substrate surface, there are no spaces for the

growth of the deposited NiP particles in the horizontal

direction of the substrate surface. The deposits grow

only in the vertical direction of the substrate surface,

Fig. 7. Lattice image of the as-deposited electroless Ni–P alloy deposited at pH 5.2 characterized by HRTEM.
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because the growth in the horizontal direction is

limited. As the deposition proceeded, the columns

continuous grew along the vertical direction and coa-

lesced by combining small columns to fewer thicker

columns. Fig. 4d and e presents the corresponding

surface micrograph of deposit for 15 and 60 s, respec-

tively. These are typical surface morphology of the

electroless NiP deposits. These semispherical con-

vexes on the surface of deposit are terminals of

columnar structure. The convexes tend to increase

in size with prolongation of the deposition duration

is the result of the coalescence of columns.

The column structure is also appeared in the depos-

its plating at pH 4.8 and 4.2. The average phosphorus

content of pH 4.8 and 4.2 is 15.2 and 20.3 at.%,

respectively. These results show that the growth mor-

phology of deposit was not affected by the phosphorus

content in deposit or the pH value of plating solution.

The column growth of the electroless NiP on Si

substrate is distinct from the conventional lamination

growth reported by Brenner and Riddell [1], Marton

and Schlesinger [23], and Homma et al. [26]. They

studied the growth of the electroless NiP on various

dielectric substrates pretreated by SnCl2/HCl and

PdCl2/HCl.

Fig. 6 shows the possible growth morphology for

the electroless NiP deposited on Si substrate pre-

treated by SnCl2/HCl and PdCl2/HCl solutions. The

growth process can be summed up to five steps as

follows.

Fig. 8. Lattice image of the as-deposited electroless Ni–P alloy deposited at pH 4.8 characterized by HRTEM.
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(1) The NiP particles began to deposit at the vicinity

of the Pd particles in the initial deposition stage.

(2) Large amount of new fine NiP particles are

nucleated not only near the Pd particles but also

between the Pd particles and the original NiP

particles grow simultaneously.

(3) The deposited NiP particles grew and coalesced

together and the deposits became continuous and

denser.

(4) The deposited particles continue grow and

exhibited column form grown in the vertical

direction of the substrate surface, as the deposi-

tion proceeded.

(5) In final, the columns continue grow along the ver-

tical direction and coalesce into thicker columns.

3.3. Crystallinity

In spite of many studies [27–30] devoted to the

crystallization of the electroless NiP, no consensus

has been reached on the crystallinity of the electro-

less NiP deposits. The conventional techniques for

determining the crystallinity of electroless NiP are

electron and X-ray diffraction. These methods are

short of the direct evidences to distinguish the amor-

phous or nanocrystal in the deposits. Also any minor

precipitate with small volume fraction may not be

detected by X-ray diffraction. In the present study,

we observed the crystallinity of the as-deposited

electroless NiP film directly using the lattice image

characterized by HRTEM.

Fig. 9. Lattice image of the as-deposited electroless Ni–P alloy deposited at pH 4.2 characterized by HRTEM.
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Fig. 7 shows the lattice image of the as-deposited

electroless NiP film deposited at pH 5.2. The phos-

phorus content of the NiP deposit is approximately

10.7 at.%. As is described above, there is an amor-

phous SiO2 layer of which thickness is about 2–3 nm

between the Si substrate and the sensitization layer

(labeled as Sn). The sensitization layer became dis-

continuous in the deposition process, so we cannot find

the sensitization layer at some place between the NiP

deposit and the SiO2 layer in the lattice images. It is

obvious that the NiP deposit with 10.7 at.% P pos-

sesses good crystallinity. There are many nanocrystals

about 4–8 nm distributed randomly in the deposit. The

d space of the nanocrystals was measured about

2.03 Å. The value of d space conforms to the

(1 1 1) of fcc Ni. It indicates that these nanocrystals

are pure Ni.

Figs. 8 and 9 are the lattice images of the as-

deposited NiP deposited at pH 4.8 and 4.2, respec-

tively. The phosphorus contents of these NiP alloy

deposits are 15.2 and 20.3 at.%, respectively. The

size of order range in the NiP film deposited at pH

4.8, as shown in Fig. 8, is smaller than the size at pH

5.2. The grain sizes of these nanocrystals were

measured about 2–5 nm. In Fig. 9, it is clear that

the size of order range in the deposits at pH 4.2 is

smaller than in deposits at pH 5.2 and 4.8. The lattice

image of the electroless NiP deposited at pH 4.2 is

unlike the amorphous morphology of the SiO2,

although the grain sizes of these nanocrystals are

under 1.5 nm. It means the deposit with 20.3 at.%

phosphorus content is still consisted of nanocrystal-

line and not amorphous as discussed in the previous

papers [27,29,30].

These observations of lattice image also confirm

that the grain size of the as-deposited electroless NiP

decreases as the phosphorus content increases. We

know the phosphorus atom has zero solubility in the

nickel lattice from the phase diagram and the nano-

crystals in deposits are pure Ni confirmed by the d

space measurement. It seems reasonable to conclude

the phosphorus atoms gather around the deposited Ni

nanocrystals in the deposition process. As the phos-

phorus content is increased, the size of order range or

the grain size of Ni crystal is decreased. Hentschel

et al. [31] also agree with our conclusion in their report

investigating the distribution of P in as-plating elec-

troless NiP.

4. Conclusion

In this paper, we made a thorough study about the

growth morphology and crystallinity of electroless

NiP alloy containing 10.7–20.3 at.% phosphorus con-

tent deposited on silicon wafer sensitized by SnCl2 and

activated by PdCl2. The reaction mechanism of the

electroless NiP deposited on Si appears to be an

electrochemical mechanism and the deposits are com-

posed of a columnar structure grown along the vertical

direction of the substrate surface. The phosphorus

content does not have influence on the growth mor-

phology but affects the crystallinity of the deposits.

The observations of lattice image show the grain size

decreases as the phosphorus content increases. The as-

deposited NiP alloy with 10.7 at.% P possesses good

crystallinity and consists of Ni nanocrystals about 4–

8 nm distributed randomly in the deposits. The sizes of

nanocrystals in the deposits with 15.2 at.% P were

measured about 2–5 nm. The deposits with 20.3 at.%

P have a lower degree of order and the size of

nanocrystal is under 1.5 nm.
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