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 The International Technology Roadmap for Semiconductors

(ITRS [  1  ] ) identifi es emerging technologies with the potential 

to sustain Moore’s Law. A necessary succession from planar 

CMOS (complementary metal-oxide semiconductors) to

nonplanar/dual-gate CMOS, and ultimately to novel architec-

tures such as carbon nanotube (CNT)-based nano-electrome-

chanical systems (NEMS) is envisioned. The ITRS also identifi es

critical roadblocks currently precluding advances beyond

CMOS. Primary among the roadblocks to NEMS are poor

reliability and manufacturing challenges. Here we investigate

the prevalent failure modes of CNT-based NEMS that hamper

reliability through a combined experimental–computational

approach. We fi rst identify their point of onset within the

design space through in situ electromechanical characteriza-

tion, highlighting the extremely limited region in which failure

is avoided. We use dynamic multiphysics models to elucidate

the underlying causes of failure, then return to the experi-

mental characterization to show that the usable design space

expands dramatically when employing novel electrode mate-

rials such as diamondlike carbon. Finally, we demonstrate

the effi cacy of this solution through 100 successive actuation

cycles without failure and applications to volatile memory

operations. 

 The immense potential of CNT-based NEMS is emer-

gent in theoretical and experimental demonstrations of up to

100-GHz switching, [  2  ]  low leakage, and high ON–OFF

ratios, [  3  ]  and outstanding current-carrying capacity. [  4  ,  5  ]  To

date however, individual demonstrations of performance

such as these have been a primary focus, with limited reports

of repeated actuation beyond a few cycles. [  2  ,  3  ,  6  ,  7  ]  This is due
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in large part to critical challenges in device reliability. As a 

consequence of their ultrahigh performance, these devices 

experience extreme (and coupled) mechanical, electrical, and 

thermal loads during normal operation. Furthermore, previ-

ously insignifi cant van der Waals interactions and adhesive 

forces begin to dominate at this scale. These factors com-

bine to create a number of failure modes that are prevalent 

among reported devices. Thus fi nding a solution to suppress 

or eliminate the onset of failure is critical to the widespread 

integration of CNT-based NEMS and will represent a signi-

fi cant milestone along the ITRS path. 

 In this work, an electrostatically actuated CNT switch [  8–10  ]  

serves as a platform to study prevalent failure modes in CNT-

based NEMS. This switch is chosen because it shares oper-

ating principles (and thus failure modes) with many reported 

devices, making the fi ndings of this study broadly applicable. 

The device consists of a multiwalled CNT of length  L  that 

is fi xed at one end and cantilevered a distance  H  above an 

electrode ( Figure    1 a ). The electrical circuit is completed by 

a voltage source,  V , and an external resistor,  R  f . When the 

applied bias exceeds a critical “pull-in voltage” ( V  >  V  PI ), 

the CNT accelerates toward the electrode, closing the switch. 

Subsequent reduction of the applied bias results in re-opening 

of the switch. [  8  ]  The electrical domain can be represented by 

an equivalent lumped-element circuit (Figure  1b ) comprising 

the voltage source and external resistor in series with, in par-

allel, the parasitic capacitance of the system,  C 0  , the capaci-

tance of the CNT cantilever relative to the electrode,  C  CNT , 

and the lumped CNT and tunneling/contact resistance,  R  CNT , 

when the CNT approaches and makes contact with the elec-

trode. Note that  C  CNT  and  R  CNT  will depend upon the CNT–

electrode gap (see Experimental Section and Section 1 of 

Supporting Information). The total current is denoted as  I  total , 

while the current through the CNT is  I  CNT .  U  is the potential 

across the CNT, where  U   =   V  when  I  total   =  0.  

 A parametric study was fi rst conducted to identify preva-

lent failure modes and their point of onset within the device 

design space. The design space investigated comprises the 

CNT length  L  and CNT–electrode gap  H , which are per-

haps the two most readily controlled parameters when 

using common micro/nanofabrication techniques to produce 

freestanding nanostructures. [  3  ,  11–13  ]  While devices of larger 

dimensions were also tested, experiments were focused in the 

0  <   L   <  2  μ m and 0  <   H   <  1  μ m range as there is a continuous 

push for smaller devices. 
79 & Co. KGaA, Weinheim wileyonlinelibrary.com



O. Loh et al.communications

80

      Figure  1 .     Overview of cantilevered CNT switch used as a platform to study failure modes. a) Schematic of switch consisting of a CNT cantilevered 
over a metal thin-fi lm electrode. b) Equivalent lumped-element circuit for the device. c) Nanomanipulaton-based experimental set-up used to 
recreate the device geometry shown in (a), enabling real-time incremental variation of device geometry and simultaneous electromechanical 
characterization in situ the scanning electron microscope. The voltage source  V  is the only component exterior to the scanning electron microscope 
chamber. d) Scanning electron micrograph showing a CNT mounted on the tip of a nanomanipulator probe approaching the electrode. Scale bar 
is 1  μ m.  
 To test a large number of device geometries spanning the 

design space in a more statistically signifi cant study, an in situ 

nanomanipulation-based technique was adopted over con-

ventional microfabrication processes to construct the devices. 

A three-axis nanomanipulator was used to position cantilev-

ered CNTs over an electrode (Figure  1c,d ; also see Experi-

mental Section), effectively recreating the platform device 

(Figure  1a ). This allowed real-time prescription of device 

geometry with simultaneous voltage application ( V ), meas-

urement of total current ( I  total ), and imaging of device opera-

tion and failure via scanning electron microscopy (SEM). For 

example, a device of a given  L  could be repeatedly character-

ized with incrementally decreasing  H  by using the manipu-

lator to progressively step the CNT closer to the electrode. In 

this initial parametric study, a gold-coated substrate was used 

as an electrode as reported devices ubiquitously use metal 

thin-fi lm electrodes. [  3  ,  8  ,  11  ,  14  ,  15  ]  

 Two common modes of failure were observed ( Figure    2  ). 

For relatively long cantilevers and small CNT–electrode gaps, 

irreversible stiction preventing re-opening of the switch was 

observed (Figure  2a–c,f ). The corresponding  I  total  –V  response 

(Figure  2a ) shows a well-defi ned jump in current upon pull-in, 

followed by a linear decrease to zero as the applied voltage 

is ramped back down. This linear behavior is characteristic of 

maintained Ohmic contact between the CNT and electrode. 

Imaging the device following actuation confi rmed that the 

CNT indeed remained stuck to the electrode after the applied 

bias was fully released (Figure  2c ). This irreversible stiction 

has been widely reported and is known to be the result of 

strong van der Waals interactions between the CNT and elec-

trode. [  2  ,  6  ,  12  ,  14  ,  16  ]  When these adhesive interactions exceed the 

elastic restoring force in the deformed cantilever, the switch 

does not re-open, even when the bias is fully removed. In fact, 

nanotube–substrate interactions have been shown in some 

cases to be suffi ciently strong to radially collapse the CNT. [  17,18  ]  

In cases where the device is operated in atmosphere, liquid 

adhesion adds additional adhesive energy to be overcome.  
© 2011 Wiley-VCH Verwileyonlinelibrary.com
 For relatively short cantilevers with larger CNT–electrode 

gaps, incremental shortening of the CNT cantilever was 

observed with successive actuation cycles (Figure  2d–f ). Here 

the characteristic  I  total  –V  curve exhibits a sharp drop in current 

(inset of Figure  2d ) as the voltage is ramped down after pull-in, 

signifying successful re-opening of the switch. However, inspec-

tion of the CNT after successive actuation cycles revealed an 

incremental loss of length (Figure  2e ). Similar incremental 

losses have been reported, as well as more extreme cases of 

complete loss of the CNT. [  8  ,  19–21  ]  Two possible causes are envi-

sioned. During the highly dynamic pull-in event, the CNT 

experiences large mechanical stresses as it impacts the elec-

trode at high velocity, which could fracture the CNT. Alter-

natively, Joule heating resulting from large currents could 

ablate the nanostructure, resulting in similar loss of length. [  19–24  ]  

 To further investigate the underlying cause for the 

observed incremental loss and test potential solutions, a 

dynamic multiphysics fi nite element model of the device 

was developed and implemented in ABAQUS/Explicit. [  25  ]  

This model treats the mechanical and electrical response of 

the device through coupled differential equations (i.e., the 

mechanics of the CNT deformation in response to electro-

static forces, as well as consideration for van der Waals inter-

actions and current fl ows). It thus enables detailed analysis 

of the time history of the mechanical stresses and electrical 

current in the CNT, as well as providing predictive capabili-

ties for CNT-based device design. 

 The dynamic response of the CNT is described as [  26  ,  27  ] 

 
D A

∂ 2r

∂ t2
+ c

∂r

∂ t
+ E I

∂ 4r

∂ x 4
= qelec + qvdW,

  
(1)

   

where  x  is the position along the CNT;  r ( x,t ) is the gap 

between the CNT and electrode;   ρ   and  A  are the density 

and cross-sectional area of the CNT, respectively;  c  is the 

damping constant of the system;  E  is the elastic modulus;  I  is 

the moment of inertia and  q  elec  and  q  vdW  represent the load 
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      Figure  2 .     Characteristic failure modes for devices with gold electrodes. a–c) Failure by irreversible CNT–electrode stiction. a) Characteristic 
measured  I  total – V  response for a device exhibiting irreversible stiction upon pull-in. b,c) Scanning electron micrographs showing the CNT cantilever 
before and after the actuation cycle respectively. In (c), the CNT clearly remains stuck to the electrode after removing the applied bias. Scale bars are 
250 nm. d,e) Failure by incremental loss of CNT length. d) Characteristic measured  I  total  –V  response for a device that does not suffer from irreversible 
stiction. Inset shows detail of the initial upward voltage sweep before pull-in during which the current is slightly positive due to charging of the 
capacitances,  C  0  and  C  CNT , as well as the pull-out event, after which the current is slightly negative due to gradual discharging of the capacitances 
as the applied voltage continues to decrease. e) Length of CNT cantilever after successive actuation cycles exhibiting incremental loss. Length 
is normalized by the initial length before the fi rst cycle. Error bars are defi ned by the resolution of the SEM images from which the length was 
measured. f) Map of device geometries tested in the  L–H  design space and the corresponding failure modes observed. Error bars are again defi ned 
by the resolution of the SEM images from which the dimensions were measured. Lines indicate predicted boundaries between failure modes (see 
Section 2 of Supporting Information). Below a critical elastic restoring force ( H  α  L 4  ), irreversible stiction is expected as adhesive forces dominate. 
Above a critical current density (  ρ    =    ρ   c ), CNT ablation is expected upon pull-in due to Joule heating.  
per unit length on the CNT due to electrostatic and van der 

Waals interactions with the electrode, respectively (see 

Section 1 of Supporting Information for full description of 

these terms and their implementation). The sum of the attrac-

tive van der Waals force and electrostatic force on the CNT 

are treated as a body force (i.e., applied uniformly throughout 

the volume of the CNT). The repulsive van der Waals force is 

used to simulate the contact between the CNT and electrode. 

Both are implemented through user-defi ned subroutines. 

 In the simulation, a step input is given at the voltage source, 

causing the CNT to pull in. Since the resulting bias charge 

on the CNT is time-dependent, it is necessary to consider 
small 2011, 7, No. 1, 79–86 © 2011 Wiley-VCH Verlag GmbH

  Figure  3 .     Results of dynamic multiphysics fi nite-element simulation inve
versus time in response to a voltage step applied at time,  t  =   0. The respo
gray line) electrodes. Insets show snapshots of deformed CNT profi le as it d
versus time for devices with gold (black line) and ta-C (gray line) electrod
(a). c–f) Snapshots of stress in tip of the CNT during CNT–electrode impac
the equivalent lumped circuit (Figure  1b ) to obtain the charge 

on the CNT in real time. The equivalent circuit yields

 
R f (C0 + CC NT )

dU

dt
+

(
R f

dCC NT

dt
+

R f

RC NT
+ 1

)
U = V,

 
 (2) 

  

where  C  CNT  and  R  CNT  depend upon the CNT–electrode gap 

(see Section 1 of Supporting Information). In the subrou-

tine, the bias on the CNT,  U , is updated at each time step by 

solving Equation 2 numerically. 

 As the CNT strikes the electrode ( Figure    3 a ), a stress wave 

propagates from the point of contact toward the constrained 
81 & Co. KGaA, Weinheim wileyonlinelibrary.com

stigating the cause of incremental CNT loss. a) CNT tip–electrode gap 
nse is shown for devices with gold (solid black line) and ta-C (dashed 

efl ects toward the electrode. b) Current through CNT ( I  CNT , see Figure  1b ) 
es. Numbered points along the curves correspond in time to those in 

t.  
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end, and refl ects back (Figure  3c–f , see movie in Supporting 

Information). Additionally, minor buckling is observed 

momentarily along the CNT (Figure  3e ). Although signifi -

cant, the peak stress observed is approximately one order 

of magnitude less than the reported failure stress for CNTs 

obtained from the same source. [  28  ]  Thus mechanical fracture 

alone is an unlikely cause of the observed incremental short-

ening with repeated actuation (Figure  2e ).  

 Instead of catastrophic mechanical stresses, the dynamic 

multiphysics analysis reveals a transient spike in current 

through the CNT (Figure  3b ) as it strikes the electrode. This 

spike, which approaches the milliamp range, is the result of 

rapid charge dissipation from the capacitances,  C  0  and  C  CNT  

(Figure  1b ), to the substrate. The corresponding current den-

sity (see Section 2 of Supporting Information) is more than 

suffi cient to ablate the CNT. [  4  ]  In fact, similar observations 

of incremental loss have been reported in CNT fi eld emitters 

operated at similar current densities. [  19–21  ]  Plotting a line of 

constant current density in the  L–H  design space equivalent 

to the critical current density required to burn a multiwalled 

CNT with 25 shells (Figure  2f , see Section 2 of Supporting 

Information) separates well the experimentally tested cases in 

which incremental loss was and was not observed, reaffi rming 

the predictions of the model. Here the resulting discharge 

current density is proportional to the required pull-in voltage 

(Equation 14 and 15 in Supporting Information). Thus in 

general, this ablation mechanism becomes more prevalent in 

shorter-length, larger-gap devices due to the larger required 

pull-in voltage. 
© 2011 Wiley-VCH Vewileyonlinelibrary.com

  Figure  4 .     Suppressed failure modes and demonstrated device functionali
showing well-defi ned ON–OFF behavior with signifi cantly less stiction tha
voltage sweep before pull-in, as well as the pull-out event. b) Current profi 
at the voltage source. Inset shows a detail of cycles 46–50. The numbered
in (a). c,d) Demonstration of basic volatile memory operation. c) Schematic
input and measured output for a series of read and write operations. e) Ma
amorphous carbon, ta-C, electrodes. Error bars are defi ned by the resol
were measured. Incremental shortening/ablation is eliminated, while the 
electrodes. For comparison, the dashed area represents the failure-free re
 During the initial discharge,  I  CNT   >  >   I  total  (Figure  3b ). Once 

the stored charges have been fully depleted and the switch is 

fully closed, the system reaches a signifi cantly lower steady-

state current fl ow ( I  total   =   I  CNT   =   V /( R  CNT   +   R  f ), see Figure  1b ). 

Due to the computational cost of the dynamic model, it was 

not possible to simulate a suffi ciently long time period to 

reach this steady state. However, this steady-state current has 

been previously predicted analytically for similar devices, [  8  ]  

and is measured in the present experiments ( I  total , Figure  2a,d  

and  Figure    4 a ). Here it is important to note that, based upon 

the equivalent lumped-element circuit (Figure  1b ), the spike 

in  I  CNT  is not expected to appear in the measured  I  total  –V  

response (Figure  2d ). Because the spike arises due to dis-

charge of the capacitances, it remains within the  R  CNT  C  0  loop 

and does not contribute directly to the measured  I  total . It is 

also interesting to note that while the mechanical stresses 

are relatively low and the electrical discharge is alone suffi -

cient to cause failure, the fact that the CNTs are mechanically 

stressed at the time of the discharge may exacerbate failure. 

The electrical resistance of CNTs is known to be affected by 

strain of the lattice structure. [  29  ]  This increase in resistance at 

points of large strain may result in localized regions of ele-

vated Joule heating.  

 Looking at the highly limited remaining region of the 

design space in which no failure is predicted (white region 

in Figure  2f ), it is not surprising to fi nd such limited reports 

of robust, repeated cycling of electrostatically actuated CNT-

based NEMS. Perhaps the simplest way to avoid ablation 

would be to reduce the CNT–electrode gap to decrease the 
rlag GmbH & Co. KGaA, Weinheim small 2011, 7, No. 1, 79–86

ty using diamondlike carbon electrodes. a) Characteristic  I  total – V  curve 
n devices with gold electrodes. Inset shows detail of the initial upward 
le for 100 successive actuation cycles driven by a 0–35 V triangle wave 
 data points correspond to the numbered positions in the  I  total –V curve 
 of voltage input ( V  IN ) used to write ‘0’ or ‘1’ and ouput ( V  OUT ). d) Voltage 
p of devices tested in the  L–H  geometric design space with tetrahedral 

ution of the SEM images from which the length and gap dimensions 
onset of stiction is greatly suppressed as compared to those with gold 
gion determined for devices using gold electrodes (Figure  2f ).  
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required pull-in voltage (and thus the stored charge). How-

ever, this promotes stiction. Using CNTs of smaller diameter 

yields similar results. To avoid this, other devices have 

employed more complex three-terminal electrode confi gura-

tions in which a gate electrode at high bias is used to push or 

pull the CNT into contact with a drain electrode at relatively 

low bias. [  11  ,  14  ,  30–32  ]  In this way the CNT makes contact only 

with the drain electrode that is at a relatively small potential 

difference. However, this requires more complex accessing/

multiplexing schemes to scale up and may reduce the poten-

tial integration density. As such, reports of devices operating 

without failure or degradation through numerous cycles 

remain elusive with these architectures. 

 Examining the equivalent circuit more closely (Figure  1b ), 

increasing  R  CNT  would moderate the detrimental current 

spike by increasing the time constant for the charge dissi-

pation. However, the contact resistance between CNTs and 

gold or other conventional metallic electrodes is generally 

low (measured to be in the kilo-ohms range in our experi-

ments), resulting in rapid discharge and a large current spike 

at contact. [  22  ]  Unfortunately, simply increasing the external 

resistor  R  f  would not have a similar effect as it is outside the 

 R  CNT  C  0  loop and thus does not affect the time constant of 

the discharge. 

 Diamondlike carbon (tetrahedral amorphous carbon, 

ta-C) was next considered as an alternative electrode mate-

rial. Here the contact resistance between the CNT and elec-

trode was measured to be 0.6 G Ω  (see Experimental Section), 

fi ve orders of magnitude greater than for gold. Based upon 

the previous analysis, this should slow the charge dissipation 

upon pull-in, thus mitigating the current spike. Before imple-

menting experimentally, this hypothesis was tested using the 

dynamic multiphysics fi nite element model. A device of the 

same geometry and parasitic capacitance was re-simulated 

with an increased value of contact resistance ( R  C   =  0.6 G Ω ). 

The resulting mechanics of the switch closing are nearly 

identical, resulting in similar mechanical stresses. Figure  3a  

shows the CNT tip–electrode gap as a function of time in 

which the cases using gold and ta-C electrodes follow nearly 

identical paths. By contrast, the spike in current through the 

CNT drops dramatically as expected in the case of the ta-C 

electrode. Figure  3b  compares the current profi le through 

the CNT using the gold and ta-C electrodes. Here we see 

that the magnitude of the current spike is less than 2.5  μ A 

(as compared to  > 300  μ A for gold), dropping the resulting 

current density well below the critical value for burning. 

As the CNT accelerates toward the electrode (point #3 in 

Figure  3a,b ), a small spike in  I  CNT  is still observed due to the 

rapidly increasing capacitance with decreasing gap before 

contact, which results in charges being pumped into the CNT. 

However, because of the increased time constant for capaci-

tance discharge, the stored charge is dissipated over a signifi -

cantly longer time, resulting in a peak  I  CNT  current closer to 

the steady-state measured current. 

 Given these positive predictions, devices with ta-C elec-

trodes were then tested using the same in situ experimental 

technique. The characteristic  I  total  –V  curves exhibited clean 

pull-in response and well-defi ned pull-out (Figure  4a ) as 

compared to the gold electrodes (Figure  2a ). The observation 
small 2011, 7, No. 1, 79–86 © 2011 Wiley-VCH Verlag GmbH
of sharper pull-out occurring earlier relative to the pull-in 

voltage suggests decreased CNT–electrode adhesion. This is 

refl ected in the map of failure modes (Figure  4c ) where we 

see greatly suppressed onset of irreversible stiction along the 

 L  axis for a given  H . This can be attributed to the relatively 

low surface energy and large contact angle of ta-C as com-

pared to metals such as gold. [  33–35  ]  

 Perhaps more important though is the complete elimina-

tion of any observed incremental loss of CNT length during 

repeated actuation when using ta-C electrodes (Figure  4e ). 

Even in devices in which the CNT–electrode gap approached 

the total length of the CNT, no shortening was observed. This 

elimination of observed shortening supports the model’s pre-

diction of signifi cant reduction of the current spike. Rather 

than being bound by charge dissipation, the design space is 

now limited by a less severe geometric constraint in which 

the CNT–electrode gap ( H ) simply cannot exceed the length 

( L ) of the CNT. 

 To highlight the effi cacy of this solution, a single device 

was tested through 100 successive actuation cycles by 

applying a triangle wave at the input voltage. Imaging the 

device before and after the 100 cycles showed no observable 

loss of length. Throughout the series of actuation cycles, the 

measured current versus time (Figure  4b ) profi le corresponds 

well to the current versus voltage measured before the cycles 

(Figure  4a ). Given that the predicted mechanical stresses for 

the ta-C-based devices are similar to those of the Au-based 

devices, this successful high-cycle demonstration supports 

the hypothesis that mechanical stresses are not the cause of 

incremental CNT loss when Au electrodes are employed. It 

further supports the premise that charge dissipation-induced 

Joule heating is instead the key mechanism and demonstrates 

the effi cacy of increasing CNT–electrode contact resistance 

in eliminating this failure mode. 

 To further demonstrate the functionality of the devices 

given their improved robustness, basic memory operation was 

tested. Treating the voltage source (Figure  1b  and Figure  4c ) 

as the input and the potential of the electrode as the output 

(Figure  4c ) allows volatile storage of ‘0’ and ‘1’ states. Here the 

potential of the electrode is pulled high when the CNT makes 

contact at pull-in, and falls low with pull-out. Figure  4d  shows 

a train of inputs and the corresponding measured output. To 

write ‘0’,  V  IN   <   V  PULL-OUT  causes the switch to open and  V  OUT  

to go low. To write ‘1’,  V  IN   >   V  PULL-IN  causes the switch to 

close and  V  OUT  to go high. To read or store,  V  PULL-OUT   <   V  IN   <   

V  PULL-IN  holds the switch in its current state. 

 In summary, the limited reports of successful repeated 

actuation of CNT-based NEMS using conventional metal 

electrodes are not surprising given the prevalence of irre-

versible stiction and ablation failure modes throughout the 

design space as identifi ed experimentally herein. A dynamic 

multiphysics model of the device revealed that, in addition to 

the well-understood irreversible stiction, another dominant 

failure mode occurs due to Joule-heating-induced ablation. 

This is the result of rapid dissipation of stored charges upon 

closing of the CNT switch. Together, these failure modes 

drastically confi ne the useful region of the geometric design 

space. We then showed that the robust, failure-free region of 

the design space was dramatically expanded through the use 
83 & Co. KGaA, Weinheim wileyonlinelibrary.com
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of alternative electrode materials such as ta-C. Using these 

diamondlike carbon electrodes, we saw not only reduced stic-

tion, but complete elimination of the ablation failure mode. 

This enabled an unprecedented number of actuation cycles 

and reliable function as volatile memory, providing motiva-

tion for further implementation of alternative materials in 

improving the performance, robustness, and reliability of 

electrostatically actuated CNT-based NEMS.  

 Experimental Section 

  In situ Device Characterization : In situ electromechanical device 
characterization was conducted in a Nova NanoSEM (FEI) scanning 
electron microscope for simultaneous high-resolution imaging and 
current–voltage measurements. Arc-discharge-grown multiwalled 
CNTs (n-Tec, Norway) were fi rst dispersed in dry powder form on 
a copper transmission electron microscopy (TEM) grid (Structure 
Probe, Inc). The grid was mounted on a Tefl on block and placed 
in the SEM. SEM imaging was used to identify protruding CNTs 
of the desired length and diameter for device characterization 
(for all experiments, CNTs of consistent radius (21  ±  3 nm) were 
selected to allow direct comparison of results between devices of 
varying length and gap). A three-axis piezoelectric nanomanipu-
lator (Klocke Nanotechnik, Germany) mounted inside the SEM was 
then used to bring a sharpened tungsten probe (Micromanipu-
lator Co., USA) into contact with the free end of the selected CNT. 
Electron-beam-induced deposition of carbon was used to fi x the 
CNT in place on the tip of the probe. This deposition technique has 
been shown to produce near-ideal Ohmic contacts to CNTs. [  36  ]  The 
nanomanipulator was then used to extract the cantilevered CNT 
and bring it into close proximity to the electrode (also mounted 
on the same Tefl on block to electrically isolate it from the SEM 
stage). This effectively recreated the platform device geometry 
(Figure  1a ) with the CNT–electrode gap being precisely controlled 
by the position of the nanomanipulator probe relative to the elec-
trode (Figure  1c ). 

 The probe and electrode were electrically addressable via a 
feedthrough in the SEM chamber wall. The circuit was completed 
by insertion of a 1 G Ω  resistor (Ohmite Mini-Mox, 992 M Ω  actual 
measured resistance) in line between the electrode and SEM 
chamber feedthrough. An electrical bias was applied and current 
simultaneously measured using a parameter analyzer (Keithley 
4200-SCS Semiconductor Characterization System). During  I  total  –V  
measurements, the electron beam of the SEM was blanked as it 
typically generated noise in the measurements as high as 0.5 nA. 

 The CNTs were imaged before and after actuation to inspect 
for failure. CNT length and diameter, and CNT–electrode gap were 
measured from SEM images using ImageJ software (NIH). The CNT 
diameter was taken from the full width at half maximum of the 
intensity profi le across the cross section of the CNT in the image. 

  Electrode Fabrication : Gold electrodes were fabricated by 
depositing a 100-nm fi lm of gold (with a 10 nm chromium adhe-
sion layer) on a 200-nm-thick silicon nitride-coated silicon wafer 
by thermal evaporation. A 1-cm 2  piece was then cleaved from 
the wafer and fi xed to the Tefl on block as described above. Ta-C 
electrodes were fabricated by depositing a 140-nm fi lm of ta-C on 
similar silicon-nitride-coated silicon wafer. To defi ne the proper 
total electrode resistance and eliminate the need for the external 
© 2011 Wiley-VCH Vewileyonlinelibrary.com
1 G Ω  resistor, long thin traces of ta-C were patterned in the ta-C 
fi lm. First, a 70-nm aluminum fi lm (with a 10-nm titanium adhe-
sion layer) was deposited by evaporation over the ta-C and pat-
terned by photolithography and liftoff. This was used as an etch 
mask to defi ne the ta-C electrode shape. The exposed ta-C was 
etched through to the silicon nitride by reactive ion etching (RIE) 
using CF 4 /O 2 . The aluminum etch mask was then stripped by RIE 
using BCl 3 /Cl 2 /He to re-expose the ta-C electrodes. Finally the 
ta-C sample was mounted on a Tefl on block in place of the gold 
electrode. 

  Measuring Parameters for Multiphysics Model : The multi-
physics models require knowledge of the parasitic capacitance 
and CNT–electrode contact resistances. These were measured 
experimentally to improve the quantitative accuracy of the models. 
To measure the parasitic capacitance, the nanomanipulator was 
fi rst used to bring a CNT into close proximity with the electrode as 
before. The Keithley 4200-SCS system was then used to source a 
constant current of 30 fA while measuring the corresponding rise 
in voltage required to source this current. Assuming the parasitic 
capacitance is signifi cantly larger than the CNT–electrode capaci-
tance ( C  0   >  >   C  CNT , where  C  CNT  is on the order of 10  − 17  F [  10  ] ), the par-
asitic capacitance was estimated based upon the time required to 
ramp from 0 to 1 V at constant current ( C  0   ≈   i  ·  Δ  t/  Δ  V ). This yielded a 
parasitic capacitance of about 50 pF for both the Au and ta-C elec-
trode systems. 

 The measured parasitic capacitance was validated by com-
parison to the capacitance predicted based upon the magnitude 
of the slightly positive current observed before pull-in and slightly 
negative current after pull-out (insets of Figure  2d  and Figure  4a ). 
As the voltage is ramped up before pull-in, the only current 
expected would be due to charging of the parasitic capacitance  C  0  
(and the relatively small  C  CNT ). Given a fi xed value of capacitance, 
this current is proportional to the rate at which the voltage is swept 
( i   ≈   C  0  ·  Δ  V/  Δ  t ). In these experiments, the voltage was ramped up at 
a rate of 0.8 V s  − 1 . Given a capacitance of 50 pF, this would yield 
a current of 0.04 nA as the voltage is ramped up before pull-in. 
This compares favorably to the experimentally measured currents 
of 0.03 nA before pull-in. Similarly, after pull-out, the switch is 
open again at which point the only current expected would be 
due to discharging of the parasitic capacitance in response to the 
continued decrease in applied voltage as it is swept back down to 
zero. In these experiments, the voltage was ramped down at a rate 
of  − 2.2 V s  − 1  which, again assuming a capacitance of 50 pF, would 
yield a current of  − 0.11 nA as the voltage is ramped down. This 
compares favorably to the experimentally measured currents of 
approximately  − 0.1 nA after pull-out. 

 The combined CNT/contact resistance  R  C  (i.e., the resistance of 
the CNT itself and that of the contact between the CNT and elec-
trode) was estimated fi rst by taking the slope of the  I  total  –V  curve 
after pull-in to calculate the total circuit resistance. From this, the 
total circuit resistance when the tungsten probe was pressed into 
direct contact with the electrode (no CNT present) was subtracted. 
This leaves a combination of the CNT–electrode contact resistance 
and the resistance of the CNT itself. This calculation is based upon 
the assumption that the probe–electrode contact resistance is sig-
nifi cantly less (because the area of contact is orders of magnitude 
greater) than the combined CNT and CNT–electrode contact resist-
ance. This yielded a resistance of  R  C   =  5–50 k Ω  for gold, and  R  C   =  
0.6 G Ω  for ta-C. Note that in the equivalent lumped element circuit 
rlag GmbH & Co. KGaA, Weinheim small 2011, 7, No. 1, 79–86
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(Figure  1b ), the combined tunneling/contact/CNT resistance term 
( R  CNT   =   R  C  exp(  λ  δ  ), where  δ  is the gap between the CNT tip and 
substrate) approaches  R  C  as   δ    →  0 (see Section 1 of Supporting 
Information for full details). 

 We hypothesize that the signifi cantly higher contact resist-
ance in the case of the ta-C may be due in part to the largely dif-
fering work functions of CNTs [  37  ]  and ta-C [  38  ]  (as compared to the 
closely matched work functions of CNTs and gold [  39  ] ), and the high 
chemical inertness and low adhesion energy of the ta-C. Ohmic 
contacts of low resistance to diamond materials have generally 
been achieved only using metals that react to form a carbide at 
the interface (which one would not expect in the case of CNT–ta-C 
contact), or by intentionally damaging the diamond surface prior 
to depositing the contacts. [  40  ]  In addition, our parametric studies 
using gold and ta-C electrodes suggest greater adhesive energy 
between the CNT and gold electrodes as compared to the ta-C. This 
greater adhesion between the CNT and gold is likely to facilitate a 
greater area of contact [  17  ,  18  ]  and, in turn, a lower electrical contact 
resistance. 

  Multiphysics Finite Element Model : To investigate the dynamic 
electromechanical response of the device during pull-in, a fi nite 
element model was created using ABAQUS/Explicit. In the model, 
the sum of the attractive van der Waals force and electrostatic 
force on the carbon nanotube (CNT) were treated as a body force 
and implemented through the VLOAD subroutine. The repulsive 
van der Waals force was used to simulate the interaction between 
the CNT and the substrate and implemented through the VUINTER 
subroutine. See Section 1 of Supporting Information for full devel-
opment of this implementation. 

 In all reported simulations, the following conditions were 
used. The CNT cantilever had a length of 1.5  μ m, an outer radius 
of 25 nm, and a wall thickness equivalent to a multiwalled CNT 
having 25 shells assuming an 0.34-nm intershell spacing. The gap 
between the centerline of the CNT and the electrode was 100 nm. 
A voltage of 15 V was applied in a step function at  t   =  0 s to actuate 
the device. 

 For cases with a gold electrode, the electrode was modeled 
as an elastic/plastic material with a Young’s modulus of 78 GPa, 
a Poisson’s ratio of 0.44, and a yield stress of 10 MPa. For cases 
with a ta-C electrode, the electrode was modeled as a purely elastic 
material with a Young’s modulus of 87 GPa and a Poisson’s ratio of 
0.22. For both cases, a value of  R  f   =  1 G Ω  was used which, in the 
case of the gold electrode is representative of the external resistor 
placed in the circuit (experimentally measured to be 992 M Ω ), and 
for ta-C is representative of the resistance of the ta-C electrode/
trace themselves. Experimentally measured values of parasitic 
capacitance and contact resistance ( R  C , see above) were used for 
both cases. 

  Estimating Boundaries Between Failure Modes : To test the 
hypotheses for the causes of failure (as predicted by the fi nite 
element model) against the experimental observations, bounda-
ries between the onset of the various failure modes were derived 
analytically based upon the hypotheses and then plotted over the 
experimental results in the  L–H  design space (Figure  2f  and 
Figure  4e ). For irreversible stiction, this boundary was derived 
based upon the assumption that the elastic restoring force must 
exceed the van der Waals adhesive forces. For ablation, this was 
derived based upon the assumption that burning occurs above 
a critical current density. These curves of critical elastic restoring 
small 2011, 7, No. 1, 79–86 © 2011 Wiley-VCH Verlag GmbH
force and critical current density were plotted over the experimen-
tally observed cases in the  L–H  design space (see Figure  2f  and 
Figure  4e ). Full development of these derivations is provided in 
Section 2 of Supporting Information.     

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.    
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