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Abstract. This paper presents the design and simulation of metal-contact RF micro 
electromechanical system (MEMS) switch based on the multilayer metal stack Au/Cu/Au. The 
novel concept of Au/Cu/Au contact metallization is introduced to increase the hardness of the 
contact material. The mechanical and RF characteristics of the designed switch are investigated by 
Coventor Ware and ANSOFT HFSS. The simulation results indicate that the pull-in voltage is 32V, 
the closing time is 25μs, and the opening time is 18μs. The insertion loss is better than -0.12dB and 
isolation is better than -25dB up to 20GHz. 

I. Introduction 
Radio frequency micromechanical system (RF MEMS) switches are promising substitutes for the 

conventional ones, because they offer numerous advantages over their mechanical and solid-state 
counterparts, such as low insertion loss, high linearity, high isolation and low power consumption 
[1].Metal-contact MEMS switches maintain excellent performance over a very large bandwidth 
from dc to tens of gigahertz. Despite these evident advantages of Metal-contact MEMS switches, 
some reliability issues prohibit their large-scale application. 

Contact stiction and contact degradation are the main reliability issues [2], which are related to 
the metal-to-metal contact area. The low hardness of gold, widely used as contact material due to its 
low resistivity and chemical inertness, results in material transfer and wear, and ultimately causes 
switch failure. A common strategy to overcome this problem is to use harder metal and its alloy as 
contact material. Many research groups have paid a considerable effort to the material selection for 
MEMS switch, but none of them have been proven to be totally successful. Many harder metal such 
as Ru, Rl, Ir, and their alloys tend to react when exposed to ambient atmosphere and form a 
nonconductive contamination film during cycling, which makes the contact resistance increase 
rapidly. The lifetime of these switches utilizing harder metal as contact material is much shorter 
than Au-Au contact switch [3,4]. 

A novel multilayer stack Au/Cu/Au is introduced to increase the hardness of contact material. 
Compared to Au, Cu is a much harder material and higher hardness can reduce contact wear to offer 
the advantage of better reliability. In addition to higher hardness, Cu offers the higher electrical and 
thermal conductivity as compared to Au. In order to protect Cu from oxidation during the 
fabrication process, thin film of Au is introduced to coat the surfaces of Cu.  

II. Mechanical design and simulation 
Cantilever beam based on multilayer stack is presented in Fig.1. Deriving the spring constant of 

cantilever beam is the foundation to understand the mechanical properties of RF MEMS switch. 
The spring constant of the cantilever beam with concentrated vertical force 
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Fig.1 Cantilever beam composed of different layers 

at the tip of the beam is given as  

𝑘𝑘𝑒𝑒 =
𝐸𝐸𝑒𝑒𝑤𝑤

4 �
𝑡𝑡
𝑙𝑙�
3
 (1) 

where 𝑡𝑡 is the thickness, 𝑙𝑙 is the length and 𝑤𝑤 is the width of the beam. 𝐸𝐸𝑒𝑒 is the equivalent 
Young’s modulus of beam composed of different layers, each with 𝐸𝐸𝑛𝑛and𝑡𝑡𝑛𝑛, and can be expressed 
as 

𝐸𝐸𝑒𝑒 =
∑𝐸𝐸𝑛𝑛𝑡𝑡𝑛𝑛
𝑡𝑡

 (2) 

Substituting (2) into (1) gives 

𝑘𝑘𝑒𝑒 =
𝐸𝐸𝐴𝐴𝐴𝐴𝑡𝑡𝐴𝐴𝐴𝐴 + 𝐸𝐸𝐶𝐶𝐶𝐶𝑡𝑡𝐶𝐶𝐶𝐶
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In order to investigate the effect of the thickness of different layers on the equivalent spring 
constant 𝑘𝑘𝑒𝑒, 𝑘𝑘𝑒𝑒 is normalized by 𝑘𝑘𝐶𝐶𝐶𝐶 

𝑘𝑘𝑒𝑒′ =
79(𝑡𝑡𝐴𝐴𝑢𝑢 𝑡𝑡𝐶𝐶𝐶𝐶⁄ ) + 128
128(𝑡𝑡𝐴𝐴𝐴𝐴 𝑡𝑡𝐶𝐶𝐶𝐶⁄ + 1)  (4) 

In equation (4), the modulus of Au and Cu are set as 79GPa and 128GPa. Fig.2 shows the 
variation of k𝑒𝑒′  with 𝑡𝑡𝐴𝐴𝐴𝐴 𝑡𝑡𝐶𝐶𝐶𝐶⁄  from 0 to 1. In fact, Cu is the major part of the volume of multilayer 
stack, i.e.,  𝑡𝑡𝐴𝐴𝐴𝐴 𝑡𝑡𝐶𝐶𝐶𝐶⁄ < 1 , which means that the thickness of Au-film has little effect on the spring 
constant of multilayer-stack cantilever beam, so we use (1) instead of (3) to design the cantilever 
beam. 

The pull-in voltage of the cantilever RF MEMS switch is given in [1] 

𝑉𝑉𝑝𝑝 = � 8
27

𝑘𝑘𝑒𝑒𝑔𝑔03

𝜀𝜀0𝐴𝐴
 (5) 

where 𝑔𝑔0  is the gap between the beam and actuation electrode, 𝐴𝐴 is the area of the upper 
electrode. 

The designed switch is presented in Fig 3, whose parameters are listed in Table 1. The 
mechanical properties of the designed switch is simulated by CoventorWare. The pull-in voltage is 
32V and the switching time simulation result is presented in Fig.4. The closing time is 25μs, and the 
opening time is 18μs, which are fast enough for the automated reconfiguration of 
telecommunication networks [5]. 

 
Fig.2 Normalized spring constant k𝑒𝑒′ versus 𝑡𝑡𝐴𝐴𝐴𝐴 𝑡𝑡𝐶𝐶𝐶𝐶⁄  
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Fig.3 Schematic of the designed switch 

 
Fig.4 Switching time simulation of the designed switch 

Table 1 Parameters of the switch dimension 
Parameters Value(μm) 

𝑡𝑡 2.4 
𝐻𝐻 700 
𝑔𝑔0 3 
𝐿𝐿1 117 
𝐿𝐿2 97 
𝐿𝐿3 93 
𝑊𝑊1 76 
𝑊𝑊2 66 
𝑊𝑊3 25 
𝑊𝑊4 20 

III. RF design and simulation 
For the further connection with other RF components, coplanar waveguide (CPW) is designed as 

the feed configuration and the 700-μm-thick SCHOTT BOROFLOAT® 33(B33) glass is utilized as 
substrate with dielectric constant of 4.6. The dimensions of CPW, 120-μm signal-line width and 
19-μm gap to ground lines, result in a characteristic impedance of 49.38Ω with a conductor 
thickness of 2.4μm. 

The schematic of the designed switch with CPW is shown in Fig.5. 
The most important RF characteristics of switch are isolation in upstate and insertion loss in 

downstate. Isolation is determined by the overlapping area and the suspension height of the upper 
electrode, which are 19µm × 20µm and 3µm respectively in the designed switch. 

Insertion loss is determined by the contact resistance, which arises from the rough property of 
the contact surfaces, because only the higher asperities distributed in the surfaces enter into contact 
when the contact makes. Typically, the calculation of the contact resistance between two rough 
surfaces is very difficult because multiple asperities are involved in the contact making. These 
asperities have different contact interference and may interact with each other. In order to calculate 
the contact resistance, we use the asperity contact model to represent the rough surface contact. 

For the Au/Cu/Au multilayer stack, the total contact resistance consists of two parts, the 
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constriction resistance term 𝑅𝑅𝑐𝑐 and film 

 
Fig.5 The designed switch with CPW configuration 

resistance 𝑅𝑅𝑓𝑓 

𝑅𝑅 = 𝑅𝑅𝑐𝑐 + 𝑅𝑅𝑓𝑓 =
𝜌𝜌

2𝑎𝑎
+
𝜌𝜌𝑓𝑓𝑑𝑑
𝜋𝜋𝜋𝜋2

 (6) 

with 𝑎𝑎 being the radius of the contact spot; 𝜌𝜌 being the resistivity of the major part of the asperity, 
here Cu; 𝜌𝜌𝑓𝑓 being the resistivity of film, here Au; 𝑑𝑑 being the thickness of the film. When the 
mean free path 𝑙𝑙𝑒𝑒 is comparable to radius of the contact spot, the constriction resistance consists of 
two components, Maxwell spreading resistance 𝑅𝑅𝑀𝑀  due to the lattice scattering and Sharvin 
resistance 𝑅𝑅𝑆𝑆 due to boundary scattering. The constriction resistance in small contact spot is given 
in [6] 

𝑅𝑅𝑐𝑐 =
1 + 0.83(𝑙𝑙𝑒𝑒 𝑎𝑎⁄ )
1 + 1.33(𝑙𝑙𝑒𝑒 𝑎𝑎⁄ )

𝜌𝜌
2𝑎𝑎

+
4𝜌𝜌𝑙𝑙𝑒𝑒
3𝜋𝜋𝜋𝜋2

 (7) 

  Substituting (7) into (6) results in 

𝑅𝑅 =
1 + 0.83(𝑙𝑙𝑒𝑒 𝑎𝑎⁄ )
1 + 1.33(𝑙𝑙𝑒𝑒 𝑎𝑎⁄ )

𝜌𝜌
2𝑎𝑎

+
4𝜌𝜌𝑙𝑙𝑒𝑒
3𝜋𝜋𝜋𝜋2

+
𝜌𝜌𝑓𝑓𝑑𝑑
𝜋𝜋𝜋𝜋2

 (8) 

We assume that the deformation of the asperity is fully plastic, so the relationship between 
contact area 𝜋𝜋𝜋𝜋2 and contact force is given in [7] 

𝐹𝐹 = 2𝐻𝐻𝐻𝐻𝐶𝐶 = 2𝐻𝐻𝐻𝐻𝐻𝐻2 (9) 
which results in  

𝑎𝑎 = � 𝐹𝐹
2𝐻𝐻𝐻𝐻

 (10) 

According to (8) and (9), we can derive the relationship between the contact force and contact 
resistance with different coating thickness, which is plotted in Fig.6. The hardness used for the 
calculation are obtained by nanoindentation test. The test equipment is Nanoindenter XP (MTS 
System Corporation) with a Berkovich tip and the working mode is dynamic contact module(DCM). 
The test results are𝐻𝐻𝐴𝐴𝐴𝐴 = 0.23𝐺𝐺𝐺𝐺𝐺𝐺, 𝐻𝐻𝐶𝐶𝐶𝐶 = 1.69𝐺𝐺𝐺𝐺𝐺𝐺.The mean free path of Cu is set as 51nm. As 
demonstrated in Fig.6, the contact resistance is about 0.2Ω if the contact force is larger than 50μN. 
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Fig.6 Contact resistance versus contact force 

 
(a) isolation 

 
(b) insertion loss 

Fig.7 RF characteristics simulation results of the designed switch 
Based on the analysis above, the contact resistance is set as 0.2Ω when simulating the insertion 

loss. The RF characteristics of the designed switch are investigated by ANSOFT HFSS. The 
simulation results are presented in Fig.7. Simulation results indicate that isolation is better than 
-25dB and insertion loss is better than -0.12dB up to 20GHz.  

IV. Conclusion 
This paper introduces a novel multilayer metal stack Au/Cu/Au to design RF MEMS switch and 

details the design and simulation of the switch based on the multilayer stack. The pull-in voltage is 
32V, the closing time is 25μs, the opening time is 18μs. The isolation is better than -25dB and the 
insertion loss is better than -0.12dB up to 20GHz. The simulation results indicate that the designed 
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switch has excellent switching performance. 
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