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The Annealing Effect of Diamond-like Carbon Films 

for RF MEMS Switch

Hyun Suk Hwang*, Won Seok Choi**  Regular Members, Jaesang Cha***  Lifelong Member

ABSTRACT

Stiction in microelectromechanical systems (MEMS) has been a major failure mechanism. Especially, in RF 

MEMS switches, moving parts often suffered in-use and release related stiction problems. Some materials and 

methods have been used to prevent this problem. Diamond-like carbon (DLC) has not only been used as a 

protective material owing to its good mechanical properties but also has been used as a hydrophobic material. 

Its properties could be controlled by post annealing treatment in various conditions. We synthesized DLC films 

using a radio frequency plasma enhanced chemical vapor deposition (RF PECVD) method on silicon substrates 

using methane (CH4) and hydrogen (H2) gas. Then, the change of the hydrophobic property of the films was 

investigated undervarious annealing temperatures in nitrogen and in oxygen ambient. The films, that were 

annealed above 700°C in nitrogen ambient, showed a high contact angle of water (>90°) even though their 

mechanical property was sacrificed to some degree. The structural variation and the changes of the 

hydrophobic and mechanical properties of the DLC films were analyzed by Raman spectrum, contact angle 

measurement, surface profiler, and a nanoindentation test. 
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Ⅰ. Introduction

In microelectromechcanical systems (MEMS) 

technology, the stiction problem is still a challenging 

issue in spite of innovative advances. Especially in 

RF MEMS switches, moving parts often suffered 

stiction problem. The stiction of a microstructure to 

an adjacent surface can occur either during the final 

steps of the micromachining process (release related 

stiction) or after packaging of the device, due to 

over-range input signals or electromechanical 

instability (in-use stiction). The cause of strong 

adhesion can be traced to the interfacial forces 

existing at the dimensions of the microstructures. 

These include capillary, electrostatic, van der Waals, 

and chemical forces
[1,2]. Release related stiction is 

caused at the sacrificial layer removing step, which 

includes etching, rinsing, and drying. When the 

rinsing liquid is dried, surface tension pulls down 

the suspended microstructure to the substrate. The 

structure may adhere permanently. In order to 

reduce this release related stiction problem, several 

processes are used for instance: supercritical drying 

with CO2
[3], freeze-drying sublimation[4], and 

employing posts
[5]. On the other hand, in-use stiction 

usually occurs upon exposure of successfully 

released microstructures to a humid environment. 

Hydrated surfaces may increasingly stick to one 

another as the exposure time is extended. It is 

closely related to the reliability of the MEMS 

devices. An anti-stiction layer coating and surface 

treatment for stiction reduction methods have been 

reported solutions for both stiction problems which 

include self assembled mono layers (SAM) 

coating
[7,8], diamond-like carbon (DLC) coating[9,10,24], 

and surface treatment with ammonium fluoride 
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Room TemperatureSubstrate temperature 

5 min 30 secDeposition time

7 cmElectrode to substrate 
distance

150 WRF power

1 TorrWorking pressure

CH4: 20 sccm
H2: 80 sccmDeposition gas

Room TemperatureSubstrate temperature 

5 min 30 secDeposition time

7 cmElectrode to substrate 
distance

150 WRF power

1 TorrWorking pressure

CH4: 20 sccm
H2: 80 sccmDeposition gas

Table 1. Optimized deposition condition of the DLC thin films(NH4F) [6], etc. 

DLC has recently emerged as one promising class 

of materials for MEMS because it is hydrophobic 

and has excellent mechanical properties
[9,10]. DLC is 

also of interest as a biocompatible coating[11].

Various physical and chemical methods such as 

sputtering
[12,13], plasma enhanced chemical vapor 

deposition[10], and vacuum arc deposition[14,15] have 

been employed to synthesize DLC film. Among 

these methods, a radio frequency plasma enhanced 

chemical vapor deposition (RF PECVD) method has 

been widely used to synthesize DLC films
[16-18]

, 

because this method uses standard plasma processing 

which is simple, relatively inexpensive, and operates 

at low temperatures. Some methods including 

surface modification
[22], incorporation of elements 

such as F, N, O, or Si into the film[15,17,19,23], and 

post annealing[12,13,16,20] have been reported to 

improve the hydrophobic and mechanical properties 

of the film.

In this paper, DLC films with the hydrophobic 

property were synthesized by the RF PECVD 

method
[18]. We investigated the change of the 

hydrophobic property of the DLC films under 

various rapid thermal annealing (RTA) temperatures 

in nitrogen and in oxygen ambient. 

Ⅱ. Experimental Details

DLC films were deposited on p-type (100) silicon 

substrates using a RF PECVD method. The 

substrates were cleaned in D. I. water, acetone, and 

methanol for 10 min in each solution, respectively. 

Also, they were cleaned in a solution of sulphuric 

acid (H2O2:H2SO4=1:5) at 80oC for 10 min and then 

etched in a hydrofluoric acid solution to strip off 

native oxide, followed by a 5 min in-situ H2 plasma 

cleaning operation at a gas pressure of 1 Torr and 

a RF power of 150 W in order to remove any 

contamination on the surface and to activate the 

surface. Then, methane and hydrogen gas were 

introduced into the reaction chamber for the film 

growth. We summarize the deposition condition in 

Table 1. The thickness, the interface between the 

film and substrate, and the hydrophobic property of 

the as-deposited films were observed by field 

emission scanning electron microscopy (FESEM), 

high resolution transmission 

electron spectroscopy (HRTEM), a surface 

profiler, and contact angle measurement. We carried 

out the contact angle measurement by dropping D. 

I. water on the surface at room temperature.

After the DLC films’ deposition, they were 

annealed at temperatures ranging from 500 to 900
oC 

in steps of 100oC using RTA equipment in N2 and 

in O2 ambient for 1 min. Nakazawa et al. reported 

that the properties of the DLC film were changed by 

the post annealing process due to rearrangement of 

carbon from a diamond to a graphite 

structure
[12,13,16,20]. Therefore the film was expected 

to be more hydrophobic. To investigate the change 

of the hydrophobic property of DLC films under 

various post annealing conditions, contact angle and 

surface roughness measurements were carried out. 

Also, to analyze structural variations and the 

variation of hardness of the films, we carried out 

analyses by using Raman spectra and a 

nano-indentation test. 

Ⅲ. Results and Discussion

The thickness, the interface between film and 

substrate, surface roughness, and contact angle of 

the as-deposited DLC film are illustrated in Fig. 1. 

The thickness of the DLC film was 120 nm. 

Amorphous DLC film was well deposited on the 

silicon substrate. The film showed a smooth rms 

surface roughness of 0.16 nm and a relatively high 

www.dbpia.co.kr



논문 / The annealing effect of diamond-like carbon films for RF MEMS Switch

1093

500 600 700 800 900
70

80

90

100

110

C
on

ta
ct

 a
ng

le
 (o )

Temperature (oC)

   O2  ambient
   N2  ambient

Fig. 2. Contact angle of DLC films under various 
annealing conditions

Fig. 1. Images of the as-deposited DLC film: (a) the 
cross-sectional SEM image, (b) the cross-sectional TEM 
image, (c) an AFM surface image, and (d) the surface 
contact angle
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Fig. 3. Surface roughness of DLC films under various 
annealing conditions

contact angle of 77o. The contact angle of water on 

the surface gives a good indication of its 

hydrophilic/hydrophobic properties. Usually, a 

hydrophilic surface has a contact angle of less than 

70
o while a hydrophobic surface has a contact angle 

of more than 70o. Therefore, the as-deposited film 

has a hydrophobic property in itself.

Fig. 2. illustrates the variation of contact angles 

of the DLC films under various annealing 

conditions. The values of the contact angles 

increased with increasing annealing temperature in 

N2 ambient, but decreased in O2 ambient. The films 

showed a good hydrophobic property (>90o) which 

were annealed above 700
oC in N2 ambient. With 

increasing annealing temperatures, the bonded 

hydrogen effused from the films and the films 

subsequently reordered themselves into a more 

graphitic structure. A graphite surface is known to 

be much more hydrophobic than diamond
[22]. In O2 

ambient, however, surface oxidation of DLC film 

occurred simultaneously
[13,23]. Therefore, oxidation 

was mainly affected decreasing the contact angle. In 

N2 ambient, the contact angle was continually 

increased and then abruptly increased from 800oC to 

900oC. This increase was due to improved surface 

roughness
[21] as well as prevention of surface 

oxidation of the films. The surface roughness 

variation under various annealing conditions is 

illustrated in Fig. 3. 

To analyze the structural variation of the films, 

we carried out Raman analysis. The result is 

illustrated in Fig. 4. The Raman mapping method 

has been widely used for the characterization of the 

structure of DLC films because of this method’s 

ability to distinguish the sp3 and sp2 bonding 

types
[9,10]. The Raman spectrum could be 

deconvoluted into two peaks using a Gaussian line 

shape, usually denoted as the G (graphite) and D 

(disordered) band, respectively. The ID/IG ratio 

increased with increasing annealing temperatures 

irrespective of ambient and is illustrated in Fig. 5. 

The results indicated that the as-deposited DLC 

films were graphited
[9]. 

The variation of mechanical properties of DLC 

films according to annealing temperature was also 
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Fig. 4. Raman analysis of DLC films as a function of 
the annealing temperature: (a) in N2 ambient and (b) in 
O2 ambient
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Fig. 5. The ID/IG ratio of DLC films as a function of 
the annealing temperature
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Fig. 6. The hardness of DLC films as a function of the 
annealing temperature

investigated using a nano-indenter. The 

nanoindentation test is useful method to measure 

hardness
[9,10]. Fig. 6. illustrates the hardness of 

as-deposited and annealed DLC films under Fig. 6. 

The hardness of DLC films as a function of the 

annealing temperature various annealing conditions. 

These values decreased abruptly between 500 and 

700
oC. The annealing treatment resulted in the 

increase of the graphitic fraction in the film and 

clustering of the sp2 bonded carbon[12,13,16,20]. 

However the DLC film which was annealed in N2 

ambient still had a strong advantage in its 

mechanical property. 

Ⅳ. Conclusions

In this study, DLC thin films were investigated as 

an anti-stiction layer for MEMS. The change of the 

films’ hydrophobic property was examined under 

various post annealing conditions. The DLC films 

were synthesized by a RF PECVD method on 

silicon substrates using CH4 and H2 gas. The 

as-deposited films had a relatively high contact 

angle and good mechanical properties in themselves. 

We performed a contact angle measurement, surface 

profiler measurements, and a Raman analysis to 

analyze the films’ surface properties. We also 

performed a nanoindentation test for measuring 

hardness. The films showed a high contact angle of 

water (>90
o) which was annealed above 700oC in N2 

ambient. The films still had the strong advantage of 

hardness in spite of decreasing the values. The cause 

was that the post annealing treatment in N2 ambient 
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resulted in the increase of the graphitic fraction in 

the film and clustering of sp2 bonded carbon, the 

prevention of the surface oxidation, and the 

improvement of the surface roughness. 
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