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摘    要 

先前我們已經發表過在鎳基材中摻入如二氧化矽、鑽石、碳管等奈米

微粒可以改變鎳金屬的機、電特性。這些特性的改善使得奈米複合材料在

微機電的應用上具有很大的發展性。為了更進一步的應用這些奈米複合材

料、有效控制材料特性來製作元件，我們必需對複合材料特性做更深入的

研究，了解在奈米微粒不同粒徑、外型及在基材中不同的分怖情形時所造

成的特性差異。到目前為止，只有少數的研究針對這些問題去做探討。在

本篇論文中將報告一個在鎳-磷-鑽石奈米複合材料中觀察到的有趣現象，

即在摻雜相同的二相材料進入不同微結構的鎳基材時將產生不同的材料特

性變化。奈米壓痕儀的量測結果指出，在奈米鑽石微粒體積百分比 4%含量

下且微結構為非晶型態的鎳-磷-鑽石複合材料薄膜其硬度值從純鎳-磷薄

膜的 6.7GPa提升到 7.5GPa，反觀微結構由非晶及奈米晶粒所組成的鎳-磷-

鑽石薄膜其硬度值隨著奈米鑽石微粒含量的增加能下降。同時，量測每公

升鍍液裡有 2 克的奈米鑽石微粒溶液中鍍出來的鎳-磷-鑽石複合材料薄膜
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電性可以發現，非晶結構的鎳-磷-鑽石複合材料比微結構為非晶及奈米晶

粒所組成的鎳-磷-鑽石複合材料有更好的導電性，其相對應的量測電阻率

分別為 1.125*10
-6
Ω-m及 1.561*10

-6
Ω-m。另一方面，由鎳-磷-鑽石複合材

料所製成的電熱式微致動器，無論在何種微結構下其最大位移量均比由純

鎳-磷材料所製成的微致器來的大，此外，非晶型態的鎳基材電熱式微致動

器比微結構為非晶及奈米晶粒所組成的鎳基材微致動器有更佳的電源效

率。我們相信這些觀察到的現象將引起材料學者及元件工程師在複合材料

的理論研究及應用上的興趣。 
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Abstract 

Previously, we have reported that incorporating nanoparticles, such as SiO2, 

diamond, and carbon nanotube (CNT) into a nickel matrix can change the 

mechanical and electrical properties of pure nickel.  The property 

modifications have shown a great potentiality of the nanocomposites for MEMS 

applications.  However, for the advancement of the applications, it is required 

to further investigate on the material property modification resulted by 

nanocomposite effects, such as particle size, shape, and distribution effects on 

the matrix, from which the material properties can be well engineered for 

designated device fabrication.  So far, few researches have been worked on the 

related issues.  In the thesis, an interesting phenomenon is observed and 

reported in Ni-P-Diamond nanocomposite system, in which the microstructure 

difference of Ni matrix would result in distinct property modifications even 

though the same second phase material is added.  The nanoindentation 

measurement shows that the Young’s modulus and harness of the amorphous 
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crystallization of the Ni-P films can increase from 6.7Gpa to 7.5Gpa while 4% 

volume fraction of nano-diamonds are incorporated.  In contrast, the modulus 

and hardness of the Ni-P films with a mixed microstructure of nanocrystalline 

and amorphous phase decrease with the incorporation of the nano-diamonds.  

Meanwhile, from the electrical measurements of the 2g/L Ni-P-Diamond 

nanocomposite films, it is found that the resistivities of these two Ni-P-Diamond 

nanocomposites are 1.125*10-6Ω-m and 1.561*10-6Ω-m, respectively for an 

amorphous matrix and a matrix with the mixtures of nanocrystalline and 

amorphous phase, which indicating the Ni-P-Diamond nanocomposite with 

amorphous Ni matrix has better electrical conductivity than the other.  Since it 

is found that the electrothermal microactuator made of both Ni-P-Diamond 

nanocomposites can exhibit a larger ultimate elongation than that made of pure 

Ni-P and the actuator made of the nanocomposite with fully amorphous Ni 

matrix can have a better power-efficient performance as compared, it is our 

belief that the observations would lead a great interest to material scientists and 

device engineers in the future development of nanocomposite synthesis and 

theory. 
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Chapter 1 Introduction 
In the contemporary fabrication process of microelectromechanical system 

(MEMS) devices, the polysilicon and metal, such as Cu, Al, and Ni, are the 

main materials due to their excellent mechanical and electrical properties. But 

these materials are existence some deficiency. For example, the highly-doped 

polysilicon deposition should be processing under high temperature (>1000℃) 

environment, this processing temperature makes itself not suitable for CMOS 

integration. In addition, the metal materials have aging and fatigue issues. Table 

1-1 shows the advantages and disadvantages of these materials. In order to 

practice a post-COMS MEMS integration, it is necessary to develop a low 

temperature process. Base on this, we have proposed a selective electroless 

nanocomposite deposition techniques [1,2,3] previously. We had successfully 

used Ni-base nanocomposites to make a MEMS device that the device can be 

made below 100℃ and also have good properties. 

Utilizing the structure material with second phase effects to enhance device 

performance makes nanocomposite materials fascinating in recent 

nanotechnology development. Various metal/ceramic nanocomposites have been 

synthesized and proposed for potential applications such as tribological coating, 

gas sensing, and RF [4,5,6]. A metal incorporated with well distributed ceramic 

nanopowders like Al2O3, Si3N4, SiO2, diamond, and Fe(II, III) oxide can have 

homogeneous material property modification including the augment of hardness, 
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Young’s modulus, coefficient of thermal expansion (CTE), or coercivity that is 

beyond its intrinsic characteristic limit. Since it has been found that the residual 

stress of nanocomposite film can also be customized with adequate 

incorporation of nanoparticles for the fabrication of microactuators, related 

investigations on property characterization become critical for further 

applications. 

   Previously, we have many investigations on the Ni-based nanocomposite, 

but all of that are focused on second phase effects. However, many 

investigations have been reported that the phosphorus contents of the EN films 

can effect upon the crystallization and microstructural properties. [7,8,9] Based 

on phosphorus contents, the electroless nickel (EN) deposits can classified as 

low (1~5 wt% P), medium (5~9 wt% P) and high (>9 wt% P) phosphorus 

content. Table 1-2 shows that the crystallization on different phosphorus 

contents. Therefore, in this thesis, we will report an interesting phenomenon 

observed in Ni-P-diamond nanocomposite systems. Totally distinct 

nanocomposite effects on the material property enhancement resulted by the 

difference of matrix microstructure are found even though the matrix and 

secondary phase materials are the same.  
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Table 1-1 The advantage and disadvantage of the polysilicon and metal 
materials in MEMS application. 

 Polysilicon Metal 

1.Good mechanical properties 1.Low fabrication temperature 
Advantage 

2.CTE close to Si substrate 2.Good electrical conductivity 

1.High fabrication temperature
2.High resistivity 

1.Aging and fatigue problem 
Disadvantage 2.CTE mismatch to Si substrate 

3.Residual stress problem 

 

Table 1-2 Relationship between the crystallization and the phosphorus contents 
of EN films.[8,10-12] 

Phosphorus 
contents (wt%) Crystallization 

1.Crystalline Low 1~5 2.Consist of microcrystalline nickel 

1.Fully amorphous 
Medium 5~9 2.Mixtures of microcrystalline nickel and 

amorphous 

1.Fully amorphous 
2.Mixtures of microcrystalline nickel and 

amorphous High 9 and above 
3.Consist of 2 and various other phases such as 

Ni5P4, Ni12P5, Ni5P2
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Chapter 2 Concept Design and Sample Preparation 
 

2.1 Concept Design of the Electrothermal Microactuator 

   The electrothermal microactuator is based on the long-short beam design [13] 

as shown in Fig. 2-1. The device structure is consists of two anchor pads and a 

pair of adjacent cantilever beams with different lengths that connect in one end. 

By resistively heating these two beams, unequal thermal expansions make the 

joint of the beams toward to the shorter one and provide a lateral actuation. In 

our design, the length of the long beam is 800μm and the short beam is 400μm, 

both beams wide and the gap between these two beams are 10μm. With the fixed 

plating parameter, the thickness of the actuator is about 7μm 

 

V

 

 
Fig. 2-1 The Concept Design of an Electro-Thermal Microactuator.[13] 
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2.2 Sample Preparation 

2.2.1 Electroless Ni-P-Diamond Plating Solution Preparation 

   To make a good Ni-P electroless thinfilm or devices, the plating solution is 

an important point to attention, because some commercial plating solution 

would cause deposited surface rough. As the Ni-P-Diamond electroless plating, 

well dispersed diamond powders can ensure the powders uniformly engulfed 

into nickel matrix during the processing. In our study, prepare of 1 liter 

Ni-P-Diamond plating bath, a commercial Ni-P plating bath [14] composed of 

150mL Sheng-Hung chemical nickel plating SCNP A solution and 150mL SCNP 

B solution is first mixed with prewetted diamond powder (average size<0.5μm, 

density: 3.51g/cm3) solution. Then utilize D.I. water and NH4OH to modify the 

pH value to 4.6 and make the total solution volume 1 liter. During plating 

process, good stir of the plating solution can keep the diamond powders 

dispersive well for uniform deposition of Ni-P-Diamond nanocomposite. The 

plating solution with different diamond concentrations are premeditated to 

characterize fabrication process and material property, which are 0, 0.5, 1, and 2 

gram of the diamond powders per liter of plating solution, respectively. Fig. 2-2 

illustrate the total setup of the electroless plating equipment. 
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Fig. 2-2 The electroless plating equipments setup.[15] 

 

2.2.2 Fabrication Process of the Electrothermal Microactuator 

   The electrothermal microactuator structure is shown in Fig. 2-1. The 

fabrication process flow described in below, and the Fig. 2-3 is the relative 

process flow chart. 

    Step1: After standard RCA clean, a 2μm HDP-CVD SiO2 is deposited on 

the 4 inch silicon wafer as the electrical insulation and sacrificial 

layer. 

    Step2: Sputter a Ti/Cu (100Å/500Å) seed layer on the top of the SiO2. 

    Step3: Coating a 10μm thick AZP-4620 photoresist (PR) to mold the device 

structure. 

6 



    Step4: Put the wafer into the Pd seeding solution for 30seconds to active 

the copper surface. After being seeded, the wafer put into the Ni-P 

or the Ni-P-Diamond plating bath for 7μm thick nanocomposite 

film deposition. During the plating process, the temperature of 

plating bath is kept at 78℃ and also kept the plating solution 

circulation well. 

    Step5: Released the structure. First, utilize the acetone and NH4OH+H2O2 

to removal the mold of PR AZP-4620 and copper seed layer. Then, 

by dipping the wafer into HF to etch the Ti seed layer and the SiO2 

sacrificial layer under the beams. In order to prevent the suspending 

structure sticktion, after the structure released, put the wafer into the 

IPA and then baked at 90℃. Finally, the device is done.  
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Step 1 

Step 2 

Step 3 

Step 4 

Step 5 

   Si Wafer    SiO2    Ti/Cu seed layer 

   EN deposited

Fig. 2-3 The electrothermal microactuator process flow chart. 
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Chapter 3 Results and Discussions 
    In this chapter, we will report the properties which we observe in 

Ni-P-Diamond nanocomposite that has different matrix microstructure. In order 

to easy for the report and discussion later, here we define: 

Case 1 represents the fully amorphous phase crystallization. 

Case 2 represents the mixtures of microcrystalline nickel and amorphous 

phase crystallization.*  

      * The data about case 2 are extracted from Shen’s thesis. [15] 

3.1 The SEM photograph 

    The Scanning Electro Microscope (SEM) photograph of the Ni-P-Diamond 

nanocomposite deposition surface and electrothermal microactuator are shown 

in the Fig. 3-1 and Fig. 3-2. Based on the Fig. 3-1, we can confirm that the 

diamond powder is embedded in the nickel matrix. Furthermore, Fig. 3-1(b) 

shows that the case 2 of Ni-P-Diamond nanocomposite deposition has some 

cracks and voids; it is not our desired because the defect would result in bad 

properties of nanocomposite. 

 

3.2 Phosphorus content and Crystallization analysis 

Many investigations have been reported that the phosphorus contents of the 

electroless nickel films can effect upon the crystallization and microstructural 

properties. Also we believe, the phosphorus content will effect on the property 
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of the electroless nickel based nanocomposite. Therefore, ensure the phosphorus 

content in the Ni-P-Diamond is very important in this study. The Energy 

Dispersive Spectroscopy (EDS) is utilized to analyze phosphorus content of the 

Ni-P-Diamond nanocomposite deposition. By EDS analyze, the phosphorus 

content is 7.32wt% and 7.11wt% respectively corresponding to the case 1 and 

case 2. Both of two cases are taken into medium phosphorus content class. Fig. 

3-3 shows the EDS diagram. Through the EDS diagram, the carbon peaks 

indicate again that the diamond powder is real existence in the Ni-P-Diamond 

nanocomposite deposition.  

The X-ray diffractometer, PHILIPS X’Pert Pro (MRD) is utilized to 

analyze the crystallization of the EN-based depositions. The XRD profiles of the 

case 1 and 2 are shown in Fig. 3-4. In the Fig. 3-4(b), the Ni(111) peak appear at 

the angle about 44.8°, and the broad width peak of the amorphous Ni phase is 

also revealed and overlapped with the Ni(111) microcrystalline peak. Compare 

the X-ray profiles between the case 1 and case 2, the data show that they are 

different matrix microstructure. However, the amorphous phase will transform 

into crystalline after the high temperature annealing. But it is no any annealing 

process in our study, because the working temperature is not suitable for 

post –COMS MEMS integration. 

By the EDS and X-ray data, we can see that it is different crystallization in 

the medium phosphorus content. It is conformed to other investigated report. 
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(a)

(b)

Fig. 3-1 The SEM photo of Ni-P-Diamond deposition surface 
       (a) case 1 (b) case 2 
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(a)

(b)

Fig. 3-2 (a) (b) The fabricated electrothermal microactuator. 
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(a) 

(b) 

(c) 

Fig. 3-3 The EDS diagram. (a) pure Ni-P film (b) case 1of the 
Ni-P-Diamond film (c) case 2 of Ni-P-Diamond film 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 3-4 The X-ray diffraction profile. (a) case 1 (b) case 2 
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3.3 The Element Analyzer (EA) Analysis 

    The volume fractions of diamond powders within Ni-P-Diamond deposit 

should be conformed to make a further comparison and discussion for various 

measurements. With EA analysis, the weight fractions of the diamond powders 

in the Ni matrix can be corroborated. Then the volume fractions of diamond 

powders in the deposit can be obtained by the variables transformation from the 

density of nickel (8.908g/cm3) and the density of diamond powder (3.51g/cm3). 

The weight fractions and volume fractions of the diamond powders in the 

Ni-P-Diamond films are shown in Table 3-1. Fig. 3-5 shows the diagrams of 

volume fractions of diamond powders versus the concentrations of the plating 

bath. We can see that with the same process conditions, more diamond powders 

which is two times of that in case 1 can be contained in case 2. By this data and 

SEM graphics shown in Fig. 3-1, we can observe that too many diamond 

powders content would cause the deposit results crack, what’s influence resulted 

from this defect will observe by Nano-Indentation test and discussion after. 

Table 3-1 The measured weight fractions and volume fractions of two cases 
with different diamond concentrations. 
Case 1 -Diamond concentration 

(g/L) 
Case 2 -Diamond concentration 

(g/L) 
 
 

1 2 0 0.5 0 0.5 1 2 
Weight 
fraction 0%

* 0.84% 1.55% 0%
* 1.58% 1.84% 2.72%0.93%

Volume 
fraction 0% 2.15% 2.38% 4% 0% 4.06% 4.76% 7.08%

*The actuality measure value is 0.05%. 
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Fig. 3-5 The plot of diamond volume fractions versus plating bath 
concentrations. 

 

 

3.4 The Nano-Indentation tests 

    For the characterization of nanocomposite effects, the Ni-P-Diamonds films 

are deposited in EN-based solutions with different concentrations of diamond 

powders, which are 0, 0.5, 1, 2g/L, respectively. For case 1, Fig. 3-6 and Fig. 3-7 

show the Young’s modulus and hardness values of nano-indentation test results. 

Here the Rule of Mixtures (ROM) [16,17] can be applied to estimate the 

physical properties of the composite material. According to the rule, the 

effective Young’s modulus of the Ni-P-Diamond has the upper-bound and 

low-bound values that are estimated as:  
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Where Ec, fc, Em and fm are the Young’s modulus and volume fraction of the 

diamond powder and nickel matrix, respectively. The theoretical value of Ec is 

1100GPa for diamond and the volume fraction is shown in Table 3-1. The 

measurement and estimate values of case 1 and case 2 are show in Fig. 3-8. The 

data shows that the measured Young’s modulus is more close to the Low-bound 

in case 1. It is due to the relative modulus ratio (Ec/Em) is high and low volume 

fraction of the diamond powders, so the effective modulus is approach that of 

the Ni matrix. Similar study has been reported in Kim’s research. [18] Also we 

can see that compared to the pure Ni-P film, hardness value increases in case 1 

but decreases in case 2 with increase the diamond powders content. This 

difference may result from cracks and voids. However, compared with the case 1 

and case 2, the case 1 has better mechanical strength then suitable for device 

applications. 
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Fig. 3-6 The measured Young’s modulus of case 1. (a) pure Ni-P 
       (b) 0.5g/L diamond (c) 1g/L diamond (d) 2g/L diamond 

(a) (b)

(d) (c) 
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Fig 3-7 The measured hardness of case 1. (a) pure Ni-P (b) 0.5g/L diamond  
(c) 1g/L diamond (d) 2g/L diamond 
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3.5 Electrical Property Analysis 

    The 4-point probe is utilized to measure the sheet resistance of the 

Ni-P-Diamond films. The intrinsic bulk resistivities of EN-based of 

nanocomposite film are obtained by multiplying the sheet resistance by film 

thickness. Table 3-2 shows the measurement results. The data shows the 

resistivity increases with the incorporated diamond powders concentration, 

because the diamond powder is an insulator that contributes no electrical 

conductivity to the Ni matrix. Based on the model of two-phase random network, 

the Maxwell-Wanger equation [19] described in Eq. 1 is utilized for the 

characterization of the electrical conductivity of the composites.  

 

)d/km2k)/(1d/kmk(1fV1
)d/km2k)/(1d/kmk(1f2V1

mkc
+

 

 

Where Kc is the conductivity of the Ni-based composite film, Km is that of the 

Ni matrix, Kd that of the second phase composite, Vf the volume fraction of the 

second phase. Here, Eq. 1 can be approximated in Eq. 2 with Km » Kd for 

Ni-P-Diamond films, because the diamond is an insulator.  

 

  

Substituting the know parameters Km and Vf into the Eq. 2, the conductivity of 

the Ni-P-diamond films can be obtained and transform it into the resistivity that 

k
+−−

−+
= (1) 

+−= (2) k /2)fV)/(1fV(1mkc
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shown in the Fig.3-9. We can see that the large discrepancy between the 

measurement results and theoretical predictions. In case 2, this discrepancy 

might result from the increase of cracks and voids, but this conjecture is not 

existence in case 1, what reason to cause this phenomenon should be further 

discussion. 

 

Table 3-2 The measured sheet resistance and resistivity of Ni-P-Diamond 
composite films. 

Case 1 Case 2 

Pure 
Ni 

0.5g/L 
D 

1.0g/L 
D 

2.0g/L 
D 

Pure 
Ni 

0.5g/L 
D 

1.0g/L 
D 

2.0g/L 
D 

Rs(mΩ/□) 155.2 143.6 150 172.5 310 83.1 94.4 121.6

 146.3 143.6 147.5 171.3 315 85.2 95.8 119.5

 146.2 142.9 147.3 170.9 327 84 106.2 120.4

 146 140.8 146.9 170.7 351 83.3 92.3 113.5

 145.6 139.5 146.7 167.8 349 85.8 94.9 117.4

 145.4 139 146.2 167.2 331 80 93.7 114.2

 145 138.6 145.8 166.9 326 81.6 86.4 110.9

 145 137.6 143.7 165.2 319 84.1 89 104.4

 143.5 137.1 143.4 164.5 346 81.1 86.3 111.6

avg. 146.17 139.68 145.93 167.96 330.4 83.1 93.2 114.8

Film 
thickness(μm) 

5.95 7 7.3 6.7 3.8 16.2 16.3 13.6 

Resistivity 
ρ(10-9Ω-m) 

869.71 977.76 1065.3 1125.3 1255.7 1346.8 1519.5 1561.3
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Fig. 3-9 The resistivity versus diamond concentration curve of the 
Ni-P-Diamond nanocomposite films.   

 

 

 

 

 

 

 

 

 

 

3-6 Displacement Measurements of the electrothermal 

Microactuator 

        The measurement results of electrothermal microactuator plated in different 

concentrations of Ni-P-Diamond plating solutions are shown in Fig. 3-10. In the 

measurement, different voltages applied on the two anchors to electrically heat 

the two beams (see in Fig. 2-1). The tip of the beam will curve to the direction of 

the short beam due to the different elongations result from different beam 

lengths. The data reveals that the mechanical strength of the actuator made of 

Ni-P-Diamond nanocomposite has been improve in comparison with that made 

of the pure Ni-P. Fig. 3-11 shows the measurement results of case 1 and case 2 
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plated in pure Ni-P and 2g/L Ni-P-Diamond plating bath. We can observe that 

the maximum displacement of actuator made of 2g/L Ni-P-Diamond can reach 

10μm in both cases, which are 1.5 times larger in case 1 and 4 times larger in 

case 2 than that of the pure one, respectively. Here are different results in power 

efficiency between with the case 1 and case 2, at the same displacement, the 

Ni-P-Diamond nanocomposite film has better power efficiency than that of the 

pure one in case 2, but it is opposite in the case 1. Previously, we have reported 

the similar investigate in electroplating Ni-Diamond nanocomposite system [20], 

the measurement result is similar to the case 2 that the Ni-Diamond 

nanocomposite film has better power efficiency, Fig. 3-12 shows the plot of the 

measurement results. This difference may result from the different coefficient of 

thermal expansion (CTE). The measured of CTE values shown in Table 3-3 and 

is plotted in Fig. 3-13. By the measured displacement of the microactuator and 

CTE values, we can observe that the power efficiency is proportion to the CTE 

value. However, compare the case 1 and case 2, the lower trigger power is 

needed in case 1 than that in case 2 whatever pure Ni-P film or Ni-P-Diamond 

films.  

         Here is a question should be study continued that what is the role of the 

diamond powders play in here. It should be further investigate to understand, 

why Ni-P-Diamond nanocomposite electrothermal microactuator has longer 

maximum displacement than that of the pure one. 
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Fig. 3-12 The diagram of power-displacement for electroplating 
Ni-Diamond electro-thermal microactuators. 
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 Table 3-3 The measured CTE values. 

Plating technology Diamond concentration CTE (ppm/℃) 

Pure Ni-P 13.4*10-6

 

 

 13.19*10-60.5g/L Diamond 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1g/L Diamond 13*10-6

Electroless     

(Case 1) 

2g/L Diamond 10.81*10-6

Pure Ni 27*10-6

0.5g/L Diamond 32*10-6

1g/L Diamond 46*10-6
Electroplating 

2g/L Diamond 54*10-6
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1313.1913.4
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Chapter 4 Summary and Future Work 
4.1 Summary 

The properties of different crystallization of Ni-P-Diamond nanocomposites 

have been reported and compared.  According to the mechanical and electrical 

property analyses and the device characterizations, we found that different 

crystallization incorporated with the same diamond powders would result in a 

totally distinct property modification in the Ni-P-Diamond nanocomposite 

system.  By nanoindentation analyze, the amorphous crystallization of Ni-P 

films incorporated with the nano-diamond powders can improve the Young’s 

modulus and hardness then has better mechanical strength. In contract, the 

modulus and hardness of the Ni-P films with a mixed microstructure of 

nanocrystallize and amorphous phase decrease with the incorporation of the 

nano-diamonds. Furthermore, the measured data of resistivity of the 

Ni-P-Diamond nanocomposite films reveal that the Ni-P-Diamond 

nanocomposite with amorphous Ni matrix has better electrical conductivity than 

the other. Meanwhile, from the displacement measurement of the electrothermal 

microactuator made of the Ni-P-Diamond composite, it is found that the 

maximum displacement of the actuator can be improve in both crystallization, 

and also we can see that the actuator made of the nanocomposite with fully 

amorphous Ni matrix have better power-efficient performance, in other word, 

the lower trigger power is needed in the fully amorphous Ni matrix of the pure 

28 



Ni-P film and Ni-P-Diamond films. 

Finally, the properties of the Ni-P-Diamond nanocomposite with the 

different microstructure of Ni matrix have been reported. We believe that 

consider the second phase effect and the matrix microstructure simultaneously, it 

would be a great helpful to develop a high performance device for application. 

 

 

4.2 Future Work 

    So far, we still don’t understand what reason it has different crystallization 

under the same plating solution and fabrication process, this issue is also an 

argument in other investigator. In order to make a crystallization of EN-based 

nanocomposite we want, this issue should be clear. Furthermore, in order to 

further demonstrate the Ni-P-Diamond nanocomposite properties, the other 

devices such as MEMS resonators and switches should be fabricated and 

measurement. An excellent performance on the MEMS devices could be 

expected in the future work. 
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