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Abstract 

This study aims to propose a new fabrication method for an ohmic contact type RF‑MEMS switch with Au–Au/carbon 
nanotube (CNT)‑composite contacts. These contacts are proposed to improve the reliability and the high‑power 
handling capability of the ohmic contact type RF‑MEMS switch. During the fabrication, we applied Au/CNT‑composite 
electroplated film to the contact area in the signal line, whereas Au electroplating was used to form contacts under 
the cantilever of the switch. We investigated the influence of the Ar ion beam etching angle on metal layers formation 
and optimized the Ar ion beam etching conditions to achieve a more reliable RF‑MEMS switch. We designed, fabri‑
cated, and evaluated an RF‑MEMS switch to demonstrate the feasibility of our new fabrication method. We success‑
fully fabricated an Au–Au/CNT‑composite contact RF‑MEMS switch; it exhibited a low insertion loss of less than 0.7 dB 
at frequency up to 40 GHz and a cycle life 2.7 times longer than that of an Au–Au contact switch.
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Background
Radio frequency microelectromechanical system (RF-
MEMS) switches are considered as promising devices for 
use in high frequency communication modules owing 
to their superior RF characteristics, which include low 
insertion loss and high isolation, in comparison to those 
of corresponding semiconductor-based devices [1–3]. 
Therefore, RF-MEMS switches are expected to replace 
conventional semiconductor switches, especially in 5G 
transceiver modules [4]. Moreover, they are considered 
key devices in future satellite communication systems 
[5, 6]. However, RF-MEMS switches also have disadvan-
tages that stem from their successive mechanical move-
ment during ON–OFF switching. In particular, failure at 
contact points and self-actuation of ohmic contact type 
switches and capacitive type switches, respectively, are 
the main problems to be solved. In the case of ohmic 
contact type RF-MEMS switches, a failure in contacts are 
the most important factor limiting the devices’ life time.

Many studies have been conducted to reduce contact 
failure rates. These studies have revealed several failure 

modes and causes related to contact failures. One of 
them, which is the contamination by materials such as 
carbon, oxygen and organic polymers [7, 8], is consid-
ered a major cause of failure. Therefore, minimizing con-
tamination during the fabrication process and developing 
hermetic and reliable packaging to prevent contamina-
tion from the environment when the switch is working 
are important objectives. Another major cause of failure 
in contacts is the inherent characteristics of the contact 
materials. Numerous materials that improve the life-
time of RF-MEMS switch contacts have been proposed. 
Among them, we have focused on the carbon nanotube 
(CNT) dispersed Au electroplated layer of contacts. 
The CNT is considered a suitable material for electro-
mechnical contact. Specifically, CNT-to-CNT contact 
was investigated to achieve a reliable MEMS switching 
devices [9, 10] and applied to inertial microswitch [11]. 
Moreover, the CNT has been reported to offer an advan-
tage in terms of high-power handling capability [12]. In 
previous work, however, the uniformity of CNTs in the 
cantilever, including that of CNTs at the contact points, 
has been poor and uncontrollable. In previous studies, 
the contacts were formed by CNT dispersed Au electro-
plating. In this electroplating procedure, the CNTs must 
be dispersed well in the electroplating solution before 
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electroplating is performed. However, because the CNTs 
exhibit high cohesion in the solution, preparing an elec-
troplating solution, where the CNTs are stably dispersed 
for an extended period is difficult.

Herein, we propose a new method to fabricate Au/
CNT-composite electroplated film to achieve a more 
reliable ohmic contact type RF-MEMS switch. In the 
fabrication procedure, we applied CNTs to the contact 
metal layer and formed an Au layer on then. Moreover, 
to reduce fabrication failure rate, we optimized the sacri-
ficial metal layer etching process used in the fabrication. 
We designed, fabricated, and evaluated an RF-MEMS 
switch to demonstrate the proposed new fabrication 
method. The performance of the Au–Au/CNT contact 
RF-MEMS switch was compared with that of a conven-
tional Au–Au contact RF-MEMS switch as well.

Method
Design
We designed a cantilever type electrostatically actuated 
RF-MEMS switch. A schematic view of the switch is 
shown in Fig.  1. It is an ohmic contact type single-pole 
single-throw (SPST) switch formed in a coplanar wave-
guide (CPW) configuration with ground (G)–signal 
(S)–ground (G) components. The characteristic imped-
ances of the RF-MEMS switch and CPW were matched 
to 50 Ω.

In this study, we chose an ohmic contact type switch, 
which is less prone to damage from cosmic rays, because 
we expect the device to have aerospace applications [13]. 
Electrostatic force for cantilever actuation was applied 
via a separated actuation electrode fabricated below the 
cantilever. The separated actuation electrode is repre-
sented as the bias electrode in Fig.  1. Additionally, the 

bias resistor was connected in series to the actuation 
electrode to suppress the insertion loss when the switch 
was ON. At the same time, the bias resistor improved 
isolation when the switch was OFF. In a previous study, 
we demonstrated the effect of a bias resistor effect on 
RF characteristics [14]; specifically, for an Au–Au ohmic 
contacts type RF-MEMS switch, the insertion loss 
improved to 58% when the DC bias line resistance was 
increased approximately 7.3-fold.

The Input and output ports are port1 and port2 in 
Fig.  1, respectively, and the pitch of the GSG probe 
is 150  μm. The dimensions of the cantilever were 
60  μm × 150  μm, and its thickness was 5  μm. The can-
tilever was fabricated with an Au layer. The upper con-
tact points were also formed with an Au layer on the 
cantilever. Two upper contact points were formed at 
the tip of the cantilever, and the contact point size was 
2  μm × 2  μm. Although the upper contact points were 
fabricated with an Au layer owing to the ease of fabrica-
tion, the lower contact part was fabricated with the Au/
CNTs-composite layer. To demonstrate the effectiveness 
of the Au/CNT lower contact layer, we also fabricated 
an RF-MEMS switch with an Au lower contact layer and 
compared its characteristics with those of the RF-MEMS 
switch with an Au/CNT lower contact layer.

The electrostatic force Fe generated through the actua-
tion electrode to turn on the switch can be calculated via 
Eq. (1):

where ε0 is the dielectric constant, W  is the area of the 
actuation electrode, g is the gap between the cantilever 
and the actuation electrode, and V  is the applied volt-
age. However, the spring constant k of the cantilever is 
obtained via Eq. (2):

where E is the Young’s modulus, I is the moment of 
inertia of the cantilever, and l is the length of the bend-
ing portion of the cantilever. The Young’s modulus of 
Au is ~ 80  GPa. However, the Young’s modulus of Au, 
which greatly affects the actuation voltage, depends on 
the crystal structure. The crystal structure of Au changes 
according to the conditions of electrolytic plating. Spe-
cifically, the Young’s modulus varies depending on the 
film forming method and conditions; therefore, precisely 
determining the spring constant and the actuation volt-
age beforehand is difficult. Furthermore, according to the 
literature, the contact force for sufficient contact should 
be approximately 100–1000  μN [15]. Consequently, to 
achieve sufficient contact force, we set the actuation 
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Fig. 1 A schematic view of the ohmic contact type RF‑MEMS switch 
in coplanar waveguide configuration, which has ground (G)–signal 
(S)–ground (G) components
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voltage applied to the switch to ~ 1.5 times the minimum 
drive voltage. In the experiment, the actual actuation 
voltage applied to the RF-MEMS switch was 90 V.

Fabrication
To fabricate the RF-MEMS switch having Au/CNT-com-
posite contact as the lower contact, we first attempted to 
obtain a CNT layer by spraying CNTs onto the substrate. 
We then deposited an Au layer onto the sprayed CNT 
layer. To deposit the Au layer, two methods were used, 
sputtering and electroplating. We attained a stable layer 
using electroplating, and therefore used this method 
when fabricating the switch. The RF-MEMS switch was 
fabricated using surface micromachining. As Ni metal 
layer was used as a sacrificial layer to reduce organic 
material contamination during the fabrication process.

Fabrication of Au/CNTs composite layer
Prior to the fabrication of the RF-MEMS switch, we 
conducted basic experiments to achieve a stable Au/
CNT-composite layer. During the deposition of the 
CNT containing layer, CNTs are easily agglomerated. 
Since CNTs are fibrous substance, they easily entan-
gle with each other. Once they agglomerate, they can-
not be released easily, and forming a uniform layer with 
agglomerated CNTs is extremely difficult. Therefore, the 
film containing CNTs must be kept in a released state, 
and the formation must be carried out while they are 
separated from each other. To avoid fabrication problems 
associated with CNT cohesion, we sprayed CNTs onto 
the lower contact Au layer. To spray the CNTs, we used 
a spray coater. The CNTs used for spray coating were 
prepared via the super-growth method [16] and were 
dispersed in an organic solvent using a homogenizer. 
When the CNTs are dispersed in a solvent, they can be 
chemically modified to exhibit hydrophilicity. Addition-
ally, their dispersibility may be improved by adding a 
surfactant. However, when the CNT containing layer 
is used as the contact part in the switch, the aforemen-
tioned materials and modifications may contaminate the 
contacts and affect the devices’ lifetime. During the fab-
rication process, we used an organic solvent composed 
mainly of N,N-dimethylformamide (DMF), which is vola-
tile and eventually not retained. However, even with this 
method, maintaining the CNTs in a dispersed state for 
an extended period is difficult. Therefore, we repeated 
the process frequently using ultrasonic vibration for 
redispersion.

We applied the CNT coating by intermittently spray-
ing a solution containing CNTs onto a Si substrate. The 
Si substrate was heated to 100  °C. Heating the Si sub-
strate prevents the CNTs from agglomerating by rapidly 
evaporating the organic solvent. To obtain a stable CNT 

layer, we first sputtered an Au layer onto the CNT layer. 
However, after the Au film was sputtered, the CNT layer 
could not affix to the substrate. It was easily peeled from 
the Si substrate during the scratch test, as shown in Fig. 2. 
We next tested the electroplating method to deposit an 
Au layer to fix the sprayed CNT layer. We found that 
the CNT layer was securely formed on the Si substrate 
and that we could achieve a stable Au/CNT-composite 
layer. Moreover, we conducted  O2 reactive ion etching 
after electroplating to remove 1.5  μm thick photoresist 
for electroplating and the CNTs not to be formed into a 
composite film. Finally, we observed abnormally grown 
areas in the electroplated Au film. Their heights were 
taller than the gap between the cantilever and the lower 
electrode, which caused an electrical short between the 
cantilever and the lower contacts. To circumvent this 
problem, we attempted to flatten the lower contact layer 
using Ar ion milling.

Fabrication process of the RF‑MEMS switch
The RF-MEMS switch with Au–Au/CNT-composite 
contacts was fabricated by surface micromachining on 
a high resistivity Si substrate. The fabrication process is 
described in Fig. 3.

First, as shown in Fig. 3a, on a high resistivity Si sub-
strate (electrical resistivity: > 1  kΩ  cm; diameter: 4  in.; 
thickness: 500  μm) with 1  μm thick thermal oxide film, 
the base metal layer composed of Ti/Au was deposited. 
The thicknesses of the Ti layer and the Au layer were 
50 nm and 300 nm, respectively. The Ti layer functions as 
both an adhesion layer and a resistive bias line. We then 
formed the Au/CNT-composite layer as described in 
“Fabrication of Au/CNTs composite layer” section. The 
photoresist in Fig. 3a was prepared for Au electroplating 
on the sprayed CNT layer. The photoresist in Fig. 3a was 
then removed, and the base metal layers of Ti/Au were 
patterned. The Ti/Au layers were etched with the Ar ion 

Fig. 2 The Au/CNT‑composite layer composed of a sputtered Au 
layer and a sprayed CNT layer. The film was easily peeled from the Si 
substrate during scratch tests
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beam etching (Ar IBE) technique. We then obtained the 
Ti resistive bias line after wet etching (etchant: AURUM-
304) of the Au layer on the bias line (Fig. 3b). As shown in 
Fig. 3c, a 1.5 μm thick Ni sacrificial layer was deposited 

by sputtering and then etched using the Ar IBE method. 
We then successively formed 0.75  μm deep dimples for 
the formation of contact points under the cantilever; 
the dimples were also fabricated by the Ar IBE method. 

a 

b 

c 

d 

e 

Ti Au
SiO2

Si

photoresist
CNT Au/CNT-composite

Ni

Au seed layer
electroplated Au layer

photoresist

1.5μm

cantilever

resistive bias line 0.75μm

bias electrode

Fig. 3 Fabrication process of the RF‑MEMS switch with Au–Au/CNT‑composite contacts
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The Au layer of the cantilever was formed by electroplat-
ing, as shown in Fig. 3d. Before electroplating, a 100 nm 
thick Au seed layer was sputtered and a photoresist 
(PMER P-LA900PM) for electroplating was patterned. 
The electroplated Au layer thickness was 5  μm. Finally, 
we removed the photoresist for electroplating and used 
Ar IBE to etch the part of the Au seed layer not involved 
in the formation of the Au electroplating layer. The Ni 
sacrificial layer was then removed. To prevent contami-
nation by organic compounds, hydrochloric acid and fer-
ric chloride, which are inorganic etchants, were used to 
etch the Ni layer. After the Ni sacrificial layer was etched, 
the solvent was replaced with isopropyl alcohol (IPA) and 
the  CO2 supercritical drying method was used to prevent 
stiction of the cantilever. In Fig. 3e, the fabricated switch 
is described. The gap between the cantilever body and 
the lower contact layer was 1.5 μm; however, the distance 
from the contact point surface formed on the cantilever 
to the lower electrode was 0.75 μm as shown in magni-
fied of Fig. 3e.

The scanning electron microscopy (SEM) image of the 
fabricated RF-MEMS switch with Au–Au/CNTs contacts 
is shown in Fig. 4. In Fig. 4b, a magnified SEM image of 
Au/CNT-composite layer is shown; on the top surface, 
CNTs were observed fixed by the Au layer. During elec-
troplating, Au grains were grown between CNTs vacant 
areas. The thickness of electroplated Au layer was set to 
slightly less than that of CNT layer to avoid completely 
embedding of CNT layer inside the Au layer.

Investigation and optimization of Ar ion beam etching 
process
In the fabrication process, Ar IBE method was used to 
etch metal layers except the Au layer etching on the Ti 
resistive line layer. The Ar IBE method is an anisotropic 

etching method, which can be applicable various metals 
because this method is using only an Ar ion bombard-
ment onto the material. In the case of the Ar IBE method, 
the Ar ion beam incident angle is the most important 
process parameter and should be selected to reduce re-
adhesion of etched metal onto the patterned photoresist 
side wall. The re-adhesion of etched metal forms a thin 
metal wall, which is difficult to remove and causes an 
electrical short.

In the Ar IBE process, we evaluated two Ar ion beam 
incident angles: 0° and 45°. The investigated Ar ion beam 
incident angle combinations for each metal layer etching 
process are summarized in Table 1.

In most of the RF-MEMS switches fabricated under 
the condition  1 in Table  1, we observed unintended 
leakage current. The leakage current was observed 
not only between signal lines in the OFF state but also 
between signal line and the actuation electrode pad, 
which should not normally conduct. Figure 5 shows an 
SEM image of the failed RF-MEMS switch cantilever 
area. An unintended substance was observed between 
the cantilever and the bias electrode. We performed 
wavelength-dispersive spectroscopy analysis to investi-
gate the components of the undesired burr; the results 
are shown in Fig. 6. The undesired burr was confirmed 

Fig. 4 SEM images of fabricated Au–Au/CNT‑composite layer contact RF‑MEMS switch: a a top‑view of the switch, b a magnified view of the Au/
CNT‑composite layer

Table 1 Ar ion beam incident angles investigated in Ar IBE 
process

Condition Base 
metal 
layer

Sacrificial layer Dimple Seed layer

1 0° 0° 0° 0°

2 45° 45° 45° 45°

3 45° 45° 45° 0°
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as Au and C. C is commonly observed and originated 
from the fabrication process material or from environ-
mental air. Au, however, is speculated to have origi-
nated from the re-deposition of etched Au onto the 
photoresist side wall during etching of the base metal 
layer.

As a countermeasure, to suppress the re-deposition 
of etched Au onto the side wall of the photoresist, we 
changed the incident angle of the Ar ion beam onto the 
Si substrate to 45° in the Ar IBE process, which is condi-
tion 2 in Table 1. We expected that a 45° incident Ar ion 

beam bombardment of the side wall of the photoresist 
and the redeposited Au component would be removed. 
After fabricating a switch using a 45° incident Ar ion 
beam and evaluating the resulting device, we confirmed 
electrical isolation not only between signal lines but also 
between the signal line and actuation pad. Thus, a 45° 
angle of incidence of the Ar ion beam effectively pre-
vented re-deposition of the etched Ar component onto 
the photoresist side wall. However, we observed an un-
etched Au seed layer beneath the electroplated Au layer, 
as shown in Fig. 7. This remaining Au seed layer can also 
lead to an electrical short. The remaining Au seed layer 
was caused by the thick electroplated Au layer. The thick 
electroplated Au layer acted as a barrier against the 45° 
incident Ar ion beam, and the Ar ion beam could not ade-
quately impact the Au seed layer because of the shadow 
mask. To resolve this problem, we adjusted the angle of 
incidence of the Ar ion beam to 0° during the Au seed 
layer etching process. This modification is represented as 
condition 3 in Table 1. In the Au–Au/CNT contact RF-
MEMS switch fabrication procedure, we applied condi-
tion 3 in Table 1 to the Ar IBE process. Consequently, we 
successfully fabricated RF-MEMS switches, as shown in 
Fig. 4.

Measurement results
We performed S-parameter measurements at frequen-
cies up to 40 GHz to confirm the RF characteristics of the 
fabricated RF-MEMS switches with Au–Au/CNT-com-
posite contacts. The S-parameter measurements were 
conducted with a vector network analyzer. The isolation 
and insertion loss are shown in Figs.  8 and 9, respec-
tively. We achieved good isolation in the OFF-state. 
Furthermore, we achieved a low insertion loss of less 

Fig. 5 SEM top‑view image of the fabricated Au–Au/CNT‑composite 
contacts RF‑MEMS switch. For clarity, the cantilever and burr are 
colored

Fig. 6 Wavelength‑dispersive spectroscopy analysis results for the 
unintended burr shown in Fig. 5

Fig. 7 SEM image of the remained Au seed layer after the Ar IBE 
process. For clarity, the remaining Au seed layer is colored red
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than 0.7 dB at frequencies up to 40 GHz. We compared 
the insertion loss with that of an RF-MEMS switch with 
only Au–Au contacts, as shown in Fig.  10. As a result, 
we confirmed that the two devices exhibit similar inser-
tion losses, although the insertion losses of the Au–Au/
CNT-composite contact RF-MEMS switch are slightly 
higher than that of the Au–Au contact switch. This differ-
ence originates from the slightly higher resistivity of Au/
CNT-composite layer compared with that of the Au layer. 
Furthermore, the life cycle of the Au–Au/CNT-compos-
ite contact switch was also evaluated. The life cycle test 
was performed by repeating the ON/OFF operations 
until the switch failed. The average number of cycles of 
the Au–Au/CNT-composite contact switch and Au–Au 
contact switch was ~ 9100 and ~ 3600 cycles, respectively. 

These results suggest that we could achieve an RF-MEMS 
switch with a 2.7 times longer life cycle using Au/CNT-
composite contacts.

Conclusions
Herein, we proposed a new fabrication method for Au/
CNT-composite contacts to improve the reliability of 
ohmic contact type RF-MEMS switches. In the fabrica-
tion process, to prevent the CNTs from agglomerat-
ing, we sprayed the CNTs and then electroplated Au to 
fix the CNTs and obtain an Au/CNT-composite layer. 
Moreover, the Ar ion beam incident angle during the Ar 
IBE process for etching metal layers was investigated and 
optimized. We obtained deduced that a 45° Ar ion beam 
incidence angle led to the best result except in the case of 
etching the Au seed layer. For etching the Au seed layer, 
we deduced that the Ar ion beam incidence angle should 
be 0°. By applying both fabrication processes, we fabri-
cated an RF-MEMS switch with Au–Au/CNT-composite 
contacts.

We performed S-parameter measurement and prelimi-
nary life cycle tests. The isolation was sufficiently high, 
and the insertion loss was less than 0.7 dB at frequencies 
up to 40 GHz. The Au–Au/CNT-composite contact RF-
MEMS switch exhibited a longer life cycle than the Au–
Au contact RF-MEMS switch. We demonstrated that the 
Au–Au/CNT-composite contacts can be considered a 
solution that improves the reliability and the high-power 
capability of ohmic contact type RF-MEMS switches. 
Improving the absolute number of life cycles, demon-
strating the high-power capability, comparing results 
with other switches with different contact materials, and 
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measuring switching speed will be considered as our 
future works.
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