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Capacitive and ohmic RF NEMS switches
based on vertical carbon nanotubes

A. ZIAEI', M. CHARLES', M. LE BAILLIF, S. XAVIER', A. CAILLARD> AND C.S. COJOCARU"

The objective is to demonstrate a reproducible carbon nanotube (CNT)-based technology for radio frequency (RF)
switch working in the range of 40-60 GHz and fulfilling the specifications: low losses, high isolation, and an operating
voltage below 30 V. The first processed component had an operating voltage of 14 V for an ohmic contact in a Nano-
Electro Mechanical System (NEMS) tweezer design. This result is confirmed by theory with an operating voltage of 13 V.
A capacitive-contact NEMS is also developed using multi-walled CNTs (MWCNTs) coated with a SiO, dielectric layer
deposited by electron beam induced deposition method (EBID). High Frequency Simulation Software (HFSS)
RF-simulation on an innovative NEMS geometry shows encouraging results with transmission ratios between “on” state
and “off” state up to 34% for ohmic-contact switch and 25% for a capacitive-contact switch.
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. INTRODUCTION

Carbon nanotubes (CNTs) [1, 2] are made of grapheme-rolled
sheets. CNTs can either be multi-walled (MWCNTs) or single
walled (SWCNTSs). The small-diameter CNTs have a 2/3 semi-
conductor behaviur, whereas those with a large diameter
always have a metallic behavior. MWCNTs with an outer
diameter greater than 25 nm have radio frequency (RF) met-
allic properties at high frequencies (>40 GHz) [3] and can
support high current densities of about 10® A/cm® The
MWCNTs also have exceptional physical properties: an elec-
trical conductivity of 7.78 x 10* S/m [4], a high elasticity,
and high thermal conductivity ranging from 20 to 400 GPa
[5] and from 1800 to 3000 W/m K [6], respectively. There
are three different switch geometries using CNTs: the cantile-
ver, the bridge, and the tweezer geometry [7]. In this paper,
PECVD (plasma-enhanced chemical vapor deposition) is
used to make carbone nanotubes at a middle-range tempera-
ture of about 600-800°C.

Il. DESIGN, MODELING, AND
CHARACTERIZATION OF NEMS

A) NEMS design

The goal of our work was to perform two NEMS structures in
tweezer configuration, one with an ohmic contact and another
with a capacitive contact. The ohmic-contact switch uses a
metal-metal contact (Fig. 1(a)), whereas the capacitive-
contact switch uses a metal-dielectric contact (Fig. 1(b)).
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The NEMS switching is realized in two steps. During the
first step, a low potential (<1 V) is applied between the two
MWCNTs. Then a high DC polarization is applied on one
or both pull-in electrodes (Fig. 1). One pull-in electrode and
its nearest MWCNT have the same electrostatic charging
(positive or negative) and hence contribute to the NEMS
switching. This method allows us to minimize the potential
V, and to transport higher current through the contact
without any damage for the device.

We also report on the realization of a capacitive NEMS
based on MWCNT coated with a SiO, dielectric layer, a first
building block for further RF filter realization.

B) NEMS theoretical considerations
The MWCNT motion in an NEMS switch is defined by [8]

B aw
dxt+

Felect + deW + Felasta (1)
where W is the MWCNT motion, E the Young’s modulus,
I the inertia moment, F,,. the applied electrostatic force,
F,aw the van der Waals force attraction between atoms, and
F.1.s the elastic force of MWCNT.

The electrostatic force is defined by [8]

Felect _ d(Eelect/L)

L dr
_ e V?
Jr(r + 2R) 1n2<1 + (r/R) + /(r(r + zR)/RZ)) ’

(2)

where V is the pull-in voltage between the MWCNTSs (F,,. +
Fojast = 0), €, the vacuum permittivity, L the length of the
MWCNT, R the outer diameter of MWCNT, and r the dis-
tance between the MWCNTs.

433


https://doi.org/10.1017/S1759078710000619

434

A. ZIAEI ET AL.

weerser weezer
\.' Pulkin
rr L / electrode I
V-
r
VI
|_.
+V2 -V +V2 -V2
(a)
Dielec mwic
Pull-in
/ electrode
%] -2

(b)

Fig. 1. NEMS switches using ohmic contact (a) and using capacitive contact (b).

In the tweezer configuration, the elastic force is defined
by [8]

8EI
Foast = ——7r

with
I=—

() -())

where D,,, and D, are, respectively, the outer and inner
diameter of the CNTs.
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Fig. 2. Schematic (a) and SEM picture (b) of PECVD growth.
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The van der Waals interaction between close MWCNTs is
given by the relation [8]

E d(Evaw/L) _ 7Cep,p,v/R
vdW — =

dr 1615/2 x Le

(4)

where p, and p, are the volume densities of the two materials
in contact (pcnr = 1.4 g/cm?) [9], Cs the attraction between
two atoms (Ceyr= 15.2 eV As) [8], and L. the contact
length when the MWCNTs are pulled in. The van der
Waals force must be estimated when the NEMS switch is
pulled in. The dimensions of this component are defined in

order to have F,,./F, g >1.
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Fig. 3. MWCNTs growth by PECVD (C,H, + H,O) on TiN/Ni dots of 1 pm
diameter.

C) MWCNTs growth by PECVD

The preferred method for synthesizing vertically aligned CNT's
is dc plasma-enhanced chemical vapour deposition
(dc-PECVD), using transition metal catalyst films/particles to
seed and sustain the growth [10, 11]. The plasma can be oper-
ated in the diode mode or in the triode mode, the latter bringing
more flexibility to the process. The growth temperature typically
ranges from 600 to 750°C depending on plasma chemistry.

In triode configuration, during the process, a plasma is
created between two electrodes and an electric field is
applied between the plasma region and the substrate (nega-
tively polarized) (Fig. 2(a)). Using this configuration, we
have developed [12] a water vapor-assisted growth process
where H,O is employed (instead of NH, generally used) for
the purpose of etching excess a-C during growth. This new
process yields very long tubes and the growth rate shows no
sign of saturation, even after long plasma exposure times.
Figure 3 shows an example of localized growth, obtained
from Ni pads (~1 pm in diameter), using a classical optical
lithography aligner. For this particular experiment, we have
used a mixture of C,H, and H,O at a temperature of 650°C.
CNTs over 10 wm long can be observed, corresponding to a
go-min growth time. Another advantage of this new
H,O-based process is that the growth temperature can be
lowered (down to 500°C) without inducing a significant
degradation of the CNT’s crystalline quality.
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Fig. 5. (a) SEM pictures of the first metallization level (Mo) realized by optic
lithography and (b) second metallization level by electronic lithography
(e-beam) with nanobeam LTD (c) SEM pictures of TiN/Ni dots after
sputtering and evaporation depositions realized by e-beam. (d) SEM picture
after the MWCNT's growth at 700°C.

D) NEMS fabrication

The NEMS design requires CNTs growth on metallic electro-
des (Fig. 1) which must support the growth temperatures from
600 to 800°C. The tweezer NEMS switch realized by Jang et al.
[7] have been made on niobium at 600°C. Optimized PECVD
growth conditions require in particular a growth temperature
of about 700°C. This implies the use of a metal with a higher
electric conductivity than niobium at growth temperature.
Figure 4 shows some metals that have a greater melting temp-
erature and a higher electric conductivity than niobium.

Molybdenum has two main advantages: firstly, Fig. 4(b)
shows that it has the best electric conduction with tungsten,
and secondly, it is deposited by evaporation allowing a
better alignment of successive technology levels. Javey et al.
[14] have already used the molybdenum grown by PECVD
at 800°C.
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Fig. 4. Melting temperatures in °C (a) and electric conductivities in S/m (b) [13], for different bulk transition metals.

https://doi.org/10.1017/51759078710000619 Published online by Cambridge University Press

435


https://doi.org/10.1017/S1759078710000619

436 A. ZIAEI ET AL.

1—

4.0
3.5
3.0
2,5
2,0
5 /
1.0 /

i —

Current between the MWCNTs
switched (nA)

0,0
0 10 20 30 40 50 B0
Voltage on the electrode (V)
(c)

Fig. 6. SEM pictures of NEMS before (a) and after(b) pull-in voltage. Current
dependence on voltage (c).

The fabrication process is summarized in Fig. 5 where all
technology levels allowing NEMS realization are shown. By
using both equations (2) and (3), we obtained a voltage of
13 V on the pull-in electrode. Figures 6(a) and 6(b) show
the NEMS switching when a voltage of about 14 V is
applied on the pull-in electrode (Vctroq.) With a bias of
0.01 V between the nanotubes commuted. Figure 6(c) shows
an increase of current for a pull-in voltage on the electrode
of 14 V leading to a corresponding increase of current from
0 A to 4 nA. This behavior is characteristic of a pull-in
between two conductive elements and confirms our theoreti-
cal result of 13 V on the pull-in electrode. After the switching,
the nanotube length has decreased by 200 nm, proving the
contact and the nanotube fragility to current crossing
between two nanotubes in contact.
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Fig. 7. Schematic of the EBID method.
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Fig. 8. SEM pictures of MWCNT before SiO, deposition (a and ¢) and after
SiO, deposition during 3 min by EBID (b and d). (e) SEM comparison of
three MWCNT diameters, without deposition and after deposition (30 s and
1 min).

E) Towards capacitive NEMS

To design the capacitive NEMS switch (Fig. 1b), a MWCNT
has to be coated with a dielectric SiO, layer. The coating
method (electron beam induced deposition (EBID)) is realized
using the focused ion beam). Diaceto-di-tert-butxysilane is
injected near the MWCNT, molecules of which are broken
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K2
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LI
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Fig. 9. Design of RF parallel NEMS (a); blow-up of one switch (b); ohmic
contact: on state (c), off state (d); schematic view of the RF switch
polarization (e).
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Fig. 10. Insertion losses of ohmic RF-NEMS (a) and capacitive RE-MEMS (b) switches in the ON state; isolation of ohmic RF-NEMS (c) and capacitive RE-MEMS
(d) switches in the OFF state; IL/I ratio of the NEMS (e).

by the gallium ion flux (Fig. 7), owing SiO, to be locally
deposited.

Figure 8 shows the SiO, deposition around the MWCNT
resulting in an increase in both its diameter and
length. With this method, a metallization layer (platinum,
tungsten, etc.) can also be deposited to improve the ohmic
contact.

(b)
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1. RFSIMULATION RESULTS

Hyper-frequency simulations have been realized with the RF
simulation software HFSS developed by Ansoft on a parallel
RF NEMS design (Fig. 9(a)) and a molybdenum metallization. Fig. 11. On state for a capacitive contact (a) and off state for a capacitive
The MWCNT frequency data [3] and the molybdenum  contact (b).

(c)
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Fig. 12. Adaptation (a) and insertion losses of capacitive RF NEMS switch in the *

“off” state (d); insertion losses on isolation ratio in % units (e).

metallization give the possibility to define the coplanar wave
guide dimensions. At frequencies equal to or higher than
40 GHz, the molybdenum skin thickness is 600 nm [15]. In
order to obtain a 50 () adaptation, the line width and the dis-
tance between the signal line and the ground lines are 36 and
27 wm, respectively. Figure 9(b) shows the design of one
switch; the more they are drawn up in parallel, the better
are the RF results. Figures 9(c) and 9(d) show RF NEMS in
the on and off states, respectively.

The switching is realized by high DC polarization of the
substrate which also polarized the CNT forest (Fig. 9(e)).
Thus, the substrate is used as a pull-in electrode.

Figure 10 shows the first RF simulation results from a
metal-metal contact. With insertion losses lower than 2 dB
at 50 GHz (Fig. 10(b)) from eight switches at the “on” state,
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‘on” state (b); reflection (c) and isolation of capacitive RF NEMS switch in the

and isolation higher than 7 dB (Fig. 10(d)) from eight
switches, this ohmic RF NEMS design allows future appli-
cations. Figure 10(e) also presents one encouraging data
with the insertion losses (“on” state) on isolation (“off”
state) ratio in percent. This graphic shows at 50 GHz a ratio
of 26% from eight switches.

Figure 11 shows the capacitive RF NEMS in the on state
(Fig. 11(a)) and in the off state (Fig. 11(b)), with the
MWCNTs on the molybdenum ground coated with a SiO,
dielectric layer. As for the ohmic RF NEMS, the switching is
realized by high DC polarization of the substrate which also
polarized the CNT forest (Fig. 11(e)).

Figure 12 shows the results of RF simulations from a
metal-dielectric contact. With so GHz insertion losses lower
than 1.5 dB (Fig. 12(b)) from eight switches in the on state,
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and an isolation higher than 8 dB (Fig. 12(d)) from eight
switches, such a capacitive RF NEMS design is promising
for future applications just like the insertion losses on-state
on isolation (off-state) ratio of 17% at so GHz for eight
switches (Fig. 12(e)).

IV. CONCLUSION

The NEMS fabrication success using vertically MWCNTSs
gives a pull-in voltage of 14 V close to the simulation value
of 13 V. The material deposition by EBID makes possible
the capacitive NEMS fabrication. The simulation results of
ohmic RF NEMS and capacitive RF NEMS allows one to con-
sider their fabrication for specific applications in the near
future.

REFERENCES

[1] Dragoman, M. et al.: Nanoelectromechanical switches based on
carbon nanotubes for microwave and millmeter waves. Appl. Phys.
Lett., 90 (2007), 113102/1-3.

[2] Tjima, S.: Helical microtubules of graphitic carbon. Nature, 354
(1991), 56.

[3] Jun, S.C. et al.: Radio-frequency transmission characteristics of a
multi-walled carbon nanotube. Nanotechnology, 18 (25) (2007).

[4] Grimes, C.A. et al.: Effect of purification of the electrical conductivity
and complex permittivity of multiwall carbon nanotubes. J. Appl.
Phys., 90 (2001), 4134.

[5] Poncharal, P. et al.: Electrostatic deflections and electromechanical
resonances of carbon nanotubes. Science, 283 (5407) (1999),
1513-1516.

[6] Kim, P. et al.: Thermal transport measurements of individual multi-
walled nanotubes. Phys. Rev. Lett., 87 (2001), 215502.

[7] Jang, J.E. et al: Nanoelectromechanical switches with vertically
aligned carbon nanotubes. Appl. Phys. Lett., 87 (16) (2005), id.
163114 (3pp.).

[8] Dequesnes, M. et al.: Calculation of pull-in voltages for carbon nano-
tube based nano electromechanical switches. Nanotechnology, 13 (1)
(2002), 120-131.

[9] Rols, S. et al.: Phonon density of states of single-wall carbon nano-
tubes. Phys. Rev. Lett., 85 (2000), 5222.

[10] Melechko, A.V. et al.: Vertically aligned carbon nanofibers and
related structures: controlled synthesis and directed assembly.
J. Appl. Phys., 97 (2005), 041301.

[11] Cojocaru, C.S. et al.: On the role of activation mode in the plasma
and hot filaments-enhanced catalytic chemical vapour deposition
of vertically aligned carbon nanotubes. Thin Solid Films, 515 (1)
(2006), 53-58.

[12] Cojocaru, C.S. et al.: Field emission from carbon nanotubes and met-
allic nanowires, in IDW ‘08: Proceedings of the 15th International
Display Workshops, Niigata, Japan, 2008.

[13] Kittel, C.: Physique de Iétat solide, séme éd., John Wiley & Sons,
Inc., New York, 1976, 103-121.

[14] Javey, A. et al.: Carbon nanotube transistor arrays for multistage
complementary logic and ring oscillators. Nano Lett., 2 (9) (2002),
5222-5225.

[15] von Hippel, A.: Dielectrics and waves. Artech House Microw. Libr.,
(1994), 61.

https://doi.org/10.1017/51759078710000619 Published online by Cambridge University Press

Afshin Ziaei received the B.S. degree in
Electronics Engineering from the Univer-
sity of Paris XI (Orsay) in 1997 and the
M.S. degree in Electronics and Microwaves
Engineering from the University of Paris
VI (Jussieu) in 1998 and he received
Ph.D. degree in microwave from the De-
partment of Electronics Engineering at
CNRS-IEMN (Institut d’Electronique et
de Microélectronique et de Nanotechnologie) in 2001. He
joined the research engineer at Thales Research & Technology,
France, in 1999. His research interests include the development,
design, fabrication, and characterization of RF MEMS (Micro
Electro Mechanical Systems) components such as mechanical
switches, transmission lines, etc. He was involved or in charge
of many French or European Projects (such as ARHMS (coordi-
nator of project), ARESSAT, MEMS2, PEA MEMS, FLAME). He
is a member of IEEE. Role in the project: (coordinator of project).

Michaél Charles received the M.S. degree
in Electronics and Microwaves Engineer-
ing from the University of Paris-Est
Marne-la-Vallée in 2006 and he received
Ph.D. degree in microwave from the De-
partment of Electronics Engineering at
CNRS-IEMN (Institut d’Electronique et
de Microélectronique et de Nanotechnolo-
gie) in 2010. He joined the research engin-
eer at LNE (Laboratoire National de métrologie et d’Essais) for
the microwave department, France, in 2010. His research interests
include the maintains of the RF power standards.

Matthieu Le Baillif received the B.S.
degree in Electronics Engineering from
the University of Lille I in 2003 and the
M.S. degree in Electronics and Micro-
waves Engineering from the University
of Limoges (XLIM) in 2005. He joined
the research engineer at Thales Research
& Technology, France, in 2005. His re-
search interests include the development,
design, fabrication, and characterization of RF MEMS (Micro
Electro Mechanical Systems) and other RF components such
as mechanical switches, transmission lines, etc.

W Stéphane Xavier received his Master in
thin layer and surface engineering from
the University Louis Pasteur de Stras-
bourg (France) in 2005. He then pursued
his scientific career with a Research and
Technological Diploma from the Univer-
sity d’Evry-Val-d’Essonne (France) in
2007. He joined Thales Research & Tech-
nology in 2007 and his specialist field has
been cold cathodes based on carbon nanotubes for field
emission and microwave tubes applications. Currently in the
Technological and Submicronic Process Lab, he is responsible
of the electron-beam lithography equipment and the associated
research development. Over the past 4 years, he has been heavily
involved in several european and national projects (Spiders,
Copernicus, Technotubes, Sims, Gospel, Opther. .. .)

439


https://doi.org/10.1017/S1759078710000619

440

A. ZIAEI ET AL.

Amaél Caillard is a permanent research
fellow at the Centre National de la
Recherche Scientifique (CNRS, French
research Centre) in Orléans from 2009.
He received a M.S. degree in electronics
and optics from the University of
Orléans in 2003 and he received a PhD
in plasma physics from the University
of Orléans in 2006 and from the Austra-
lian National University in 2007. He joined the laboratory « La-
boratoire de Physique des Interfaces et Couches Minces » at the
Ecole polytechnique in 2008 as a postdoctoral fellow for one
year. His research interests include the development of low
pressure plasma techniques for preparing new designs of
fuel cell electrode, Li-Ion batteries electrode and microelec-
tronics and optoelectronics based on carbon nanotubes.
Over the past 3 years, he has been involved in several euro-
pean and national projects.

https://doi.org/10.1017/51759078710000619 Published online by Cambridge University Press

Cojocaru Costel Sorin (1974) received
his physics engineer degree from the
University of Bucharest, Romania, in
1996. From 1996 to 2001 he joined as
assistant researcher the National Institute
for Laser, Plasma and Radiation Physics
(Bucharest), Romania. He received his
PhD degree in Physics from the Univer-
sity Louis Pasteur (Strasbourg), France
in 2003. He joined CNRS in 2005 at LPICM-Ecole Poly-
technique where he is presently leader of the NanoMaDe-
NanoMaterials and Devices Group. Since 1996 his research
area focuses on the nanostructured materials synthesis and
nanotechnologies. He is presently involved in carbon nano-
tubes, graphene and semiconductor nanowires synthesis and
collective organisation for advanced electronics and novel de-
vices (energy storage/harvesting, CNTs/NWs based FETs,
gas/biological sensors, NEMS, field emission devices. . .).


https://doi.org/10.1017/S1759078710000619

