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 Nanoscale electromechanical (NEM) contact switches are attrac-
tive complements or alternatives to solid-state silicon elec-
tronics for their minimal electrical leakage, sharp switching, 
and temperature and radiation tolerance. Despite the potential 
advantages, only limited reports exist of these devices oper-
ating reliably beyond a few cycles. This is especially true for 
highly-scaled devices made from carbon nanotubes (CNTs) or 
nanowires. Here we report a novel material selection, namely 
the use of carbon-carbon contacts, to improve the reliability 
of these devices. NEM contact switches are constructed using 
a CNT as an active element which makes contact with a con-
ductive diamond-like carbon (DLC) electrode when the switch 
is closed. Switch response times are characterized and basic 
logic operations demonstrated from pairs of switches. We fi nd 
that the robust carbon-carbon contact, which is facile to apply 
to a variety of reported nanoelectromechanical architectures 
currently using metal electrodes, endures prolonged cycling 
without failure. This in turn represents a viable means to 
improve the reliability of these diverse, widely-pursued nano-
scale devices ranging from single-nanostructure switches to 
massively parallel arrays through improved material selection. 

 Solid-state electronics are well established thanks in part to 
scalable manufacturing processes and reliable performance. 
However, as these devices continue to scale and their applica-
tions become increasingly demanding (e.g., increasing per-
formance while greatly reducing power consumption), new 
technologies are sought to sustain their advance. NEM contact 
switches have a physical gap separating their terminals (see for 
example  Figure    1  a), which greatly reduces leakage current [  1–4  ]  
and enables ultra-low power consumption with sub-threshold 
slopes well below the theoretical limit of 60 mV/decade 
for conventional CMOS. [  3  ,  5  ]  Thus when combined with 
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conventional CMOS in hybrid systems, for example by using 
NEM switches in the pull-down network of CMOS logic gates [  3  ]  
or memory cells, [  6  ]  they can dramatically reduce the power con-
sumption of these hybrid systems (predicted reduction in static 
power dissipation of nearly 100% and switching power reduced 
by 80%) while enabling continued scaling of the silicon. [  3  ,  7  ,  8  ]  
Additionally, NEM switches have proven relatively insensitive 
to radiation, [  9  ]  temperature, [  2  ]  and external electric fi elds, [  10  ]  
conditions which pose further challenges to conventional solid-
state devices in aerospace, defense, and other environmentally 
demanding applications. As such, NEM switch architectures 
are widely pursued to advance both hybrid and standalone tran-
sistor, memory, logic, and sensing applications. [  1  ,  3  ,  4  ,  9  ,  11–23  ]   

 Despite their potential advantages, NEM switch technologies 
have yet to widely mature. This is largely the result of challenges 
in manufacturing and reliability. [  24  ]  Diffi culties associated with 
manipulating individual nanostructures into well-ordered 
arrays greatly limit scalable production of these devices. This 
is compounded by a need for ultra-small devices (with typical 
critical dimensions on the order of 1 to 10 nm) to achieve actua-
tion voltages in the 1 V range. [  25  ,  26  ]  Additionally, a number of 
prevalent failure modes intrinsic to the materials commonly 
used greatly affect reliability, including damage from electrical 
discharge, and irreversible stiction preventing reopening of 
the switch. [  18  ,  25  ]  Jang et al. used electrodes with ultrathin oxide 
coatings to limit electrical discharge. [  5  ]  This enabled repeat-
able operation of nanoscale thin fi lm beam structures for sev-
eral hundred cycles before the switching characteristics began 
to deteriorate as the thin coating wore away. [  5  ,  11  ]  Likewise, 
switches cut from dense fi lms of CNTs operated successfully 
through tens of cycles before sticking irreversibly. [  27  ]  Ward et al. 
used voltage pulses to break the stiction in devices constructed 
from suspended ribbons of dense CNTs, enabling millions of 
cycles without failure. [  13  ]  

 The aforementioned failure modes become increasingly 
prominent as the active elements in these electromechanical 
devices scale downward from micromachined beams and 
multi-nanostructure ensembles to individual carbon nano-
tubes [  4  ,  10  ,  18  ,  21  ,  28–31  ]  or nanowires. [  15  ,  16  ]  To the best of our knowl-
edge, there are no reports of such devices operating repeat-
edly through extended cycling. For example, relays composed 
of individual cantilevered or suspended CNTs tended to stick 
irreversibly or suffer from ablation of the CNT due to elec-
trical discharge upon closing, [  18  ,  21  ,  28  ,  29  ]  resulting in rapid deg-
radation of switching characteristics with repeated actuation. 
Monolayer electrode coatings helped to reduce stiction, but 
also degraded with repeated switching. [  32  ]  Switches made from 
vertically-aligned CNTs suffered from similar burnout and 
bH & Co. KGaA, Weinheim 2463wileyonlinelibrary.com
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     Figure  1 .     Carbon-carbon nanoelectromechanical switches consisting of an individual carbon nanotube and a diamond-like carbon contact electrode. 
(A) Schematic of the NEM switch architecture. The CNT is cantilevered or suspended over a DLC electrode. When an electrical bias is applied, electro-
static forces defl ect the CNT into contact with the DLC electrode. (B–D) Representative scanning electron micrographs showing a cantilevered switch 
in the closed/on position (C) and a suspended switch in the open/off position (D). Scale bars are 5  μ m, 1  μ m, and 500 nm respectively. Substrate is 
tilted 52 °  about the horizontal axis of each image.  
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stiction in some cases, [  4  ]  though the use of a third actuation 
terminal helped to reduce the occurrence. Telescopic switches 
constructed from multi-walled CNTs enabled ultra-small device 
pitches on the order of 200 nm, but burning of CNT shells with 
repeated actuation was also reported. [  30  ]  Together, these failure 
modes pose a prominent roadblock to realizing reliable inte-
grated NEM-CMOS hybrids. 

 In this paper, we demonstrate how a facile change in material 
selection for the physical contact in NEM switches can signifi -
cantly improve the reliability of NEM switches for use in hybrid 
NEM-CMOS devices or select standalone applications. The rela-
tively high contact resistance and low adhesive forces between 
the CNT and DLC electrode were previously shown to greatly 
reduce the occurrence of short-term failure of CNT-based NEM 
switches due to electrical discharge or irreversible stiction in 
comparison to similar device architectures employing more 
common metal electrodes. [  18  ]  However, we fi nd here that the 
mechanical robustness of the DLC electrodes themselves, when 
combined with the use of high-quality CNTs with minimal 
defects, in fact enables millions of highly consistent switching 
cycles. Furthermore, because this change requires only a modi-
fi cation in the electrode material, it is directly applicable to 
other reported devices ranging from ultra-small devices con-
structed with individual CNTs or graphene, up to devices using 
hundreds of CNTs in parallel (e.g., to achieve higher current 
fl ows). Finally, the use of DLC is expected to be more conducive 
to CMOS-compatible fabrication means in comparison to more 
commonly used gold thin fi lm NEM switch electrodes which 
could signifi cantly limit the thermal budget or cause diffusion 
or contamination concerns. 

 As a platform for this study, carbon-carbon NEM switches 
(Figure  1 A-B) consisting of an individual multi-walled CNT as 
an active element which was either cantilevered (Figure  1 C) 
64 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
or suspended (Figure  1 D) over a conductive DLC electrode 
( ∼ 50  Ω -cm resistivity, controlled via nitrogen doping [  33  ] ) were 
fabricated (see Figure S1 in Supporting Material). Characteristic 
Raman spectra obtained from the DLC electrodes (Supporting 
Figure S2) suggest an  sp 3  -hybridized carbon content of approxi-
mately 80% (i.e., largely amorphous diamond [  34  ] ). The switches 
were actuated by applying an electrical bias between the CNT 
and the opposing DLC electrode, resulting in a carbon-carbon 
contact when the switch was closed (see Figure  1 C). 

 Cantilevered carbon-carbon NEM switches were character-
ized fi rst.  Figure    2  A,B shows a cantilevered device and the cor-
responding current-voltage response. A characteristic hysteretic 
loop is observed, which is similar to those observed in other 
NEM switches. [  5  ,  11  ,  16  ,  18  ,  27  ,  29  ,  31  ]  A sharp off-on transition occurs 
at a pull-in voltage of  V  PI   =  23.4 V, followed by a similarly well-
defi ned on-off transition as the voltage is subsequently ramped 
down below the pull-out voltage ( V  PO ). In general, experimentally-
observed pull-in voltages matched well with those predicted 
theoretically for devices of this geometry. [  35  ,  36  ]   

 The response time of the cantilevered devices was estimated 
following the method of Kaul et al .  [  37  ]  A step input was applied 
to the device using a function generator and the corresponding 
output monitored through a buffer circuit and oscilloscope (see 
Supporting Information and Figure S7 for full description). We 
then defi ne the response time as the delay between the point at 
which the input signal reaches pull-in level (23.4 V, the point 
at which pull-in is assumed to initiate, see Figure  2 B) and the 
time at which there is measurable output from the device. 
Figure  2 C shows the input and output signal in response to the 
step input. There is a well-defi ned delay of 10  ±  2 ns between 
the time the reference input signal fi rst reaches pull-in level 
and the point at which the output begins to rise. Here the error 
considers potential uncertainty in the point at which pull-in 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 2463–2468
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     Figure  2 .     Characterization of cantilevered carbon-carbon NEM switches. (A) Scanning electron micrograph of a cantilevered device. The CNT is fi xed 
at one end by a palladium contact and cantilevered over a DLC electrode. Scale bar is 500 nm. Substrate is tilted 52 °  about the horizontal axis of the 
image. (B) Current-voltage response of the device shown in (A). (C) Plot of step input signal and switch output from the device shown in (A) used to 
characterize switch response time. There is a delay ( Δ  t ) of 10  ±  2 ns between the time at which the input reaches pull-in level and the point at which 
the device output begins to rise (see Methods and Supporting Figure S7). Note that the rise time of the output voltage (i.e., the response following the 
initial delay of  Δ t) is limited by the buffer circuit used to characterize the device, not the device itself. (D) ‘On’ (black) and ‘off’ (gray) current for the 
device shown in (A) measured every 1,000 cycles (see Supporting Figure S4) for one million cycles. (E) Scanning electron micrograph of another can-
tilevered CNT NEM switch. Substrate is tilted 52 °  about the horizontal axis of the image. A Raman spectral map is overlaid where the intensity is the 
integrated area of the G-peak region. Spectra were obtained at 0.15  μ m intervals using a 532 nm laser. Scale bar is 500 nm. (F) Raman spectrum from 
the marked point along the CNT in the map in (E). Black line is a Gauss-Lorentz fi t to the D, G, D’ and G’ bands.  
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initiates in the input signal, the time resolution of the oscil-
loscope (10 9  samples/sec), and uncertainty in the buffer delay 
(see Supporting Information). Dynamic multiphysics models [  18  ]  
predict a response time of approximately 6.6 ns for a device 
with geometry equivalent to the cantilevered device shown in 
Figure  2 A, which serves as a complementary lower bound on 
the response time for this device (see Supporting Figure S8). 

 The long-term durability of the cantilevered devices was next 
characterized. The voltage was alternatingly stepped above the 
pull-in voltage and below the pull-out voltage. At intervals of 
1,000 cycles, the ‘on’ and ‘off’ current was read at a voltage of 
 V  READ   =  22 V ( V  PO   <   V  READ   <   V  PI , see Supporting Figure S4). 
Figure  2 F shows the measured ‘on’ and ‘off’ current of the can-
tilevered switch shown in Figure  2 A through 10 6  cycles. Con-
sistent ‘on’ currents of 3.7  ±  0.3 nA were observed, with ‘off’ 
currents slightly above the noise fl oor. 

 Doubly-clamped (suspended) carbon-carbon NEM switches 
( Figure    3  A) were also characterized. The response time was esti-
mated using the same method as the cantilevered devices (see 
Supporting Figure S7) and found to be 12  ±  2 ns (Figure  3 B). 
In general, the doubly-clamped boundary conditions of the 
suspended switches make for a stiffer structure [  38  ]  than a can-
tilevered switch of the same length, and should thus enable 
a faster response. However, the suspended switch tested 
(Figure  3 A) was nearly 5 times longer in length than the canti-
levered switch (Figure  2 A), giving it a similar natural frequency.  
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 2463–2468
 Qualitatively, the current-voltage response of the suspended 
NEM switches was similar to that of the cantilevered switches 
as expected, and proved to be similarly repeatable. Figure  3 C 
shows the full current-voltage response measured at select 
intervals of cycling (again cycling was done by alternatingly 
stepping the applied voltage above the pull-in voltage and below 
the pull-out voltage as for the cantilevered device). Through 
this period of cycling,  V  PI  decreased monotonically by approxi-
mately 0.5 V ( ∼ 1%) over the fi rst 10 3  cycles before remaining 
stable for the remainder of the 10 5  cycles (see Supplementary 
Figure S5). Similarly,  V  PO  decreased  ∼ 2% before stabilizing. 
This initial “break-in” period in which the pull-in and pull-out 
voltages decrease slightly is consistent with other reported 
work [  18  ]  and is believed to be the result of gradual removal of 
contaminants on the surface of the CNT and electrode. These 
contaminants, which could be residues from the fabrication 
process or deposited during SEM imaging, could slightly stiffen 
the CNT resulting in an elevated  V  PI , or increase adhesion 
between the CNT and DLC electrode, resulting in an elevated 
 V  PO . With repeated cycling, these contaminants likely wear or 
burn away, leaving behind the more stable pristine CNT and 
DLC surfaces. 

 While the short-term durability of these devices has been 
attributed to the low CNT-DLC adhesion and high electrical 
contact resistance which reduces the potential for harmful 
electrical discharge, [  18  ]  the long-term high-cycle reliability is 
2465wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     Characterization of suspended carbon-carbon NEM switches. (A) Scanning electron micrograph showing a suspended device. The CNT is 
fi xed at both ends by palladium contacts and suspended over a DLC electrode. Scale bar is 500 nm. Sample is tilted 52 °  about the horizontal axis of 
the image. (B) Current-voltage response of the device shown in (A) with repeated cycling. Curves are staggered along the vertical axis for clarity (on 
an absolute scale, all start from the same point (0, 0)). (C) Plot of step input signal and switch output from the device shown in (A). Response time 
( Δ  t ) is determined as in Figure  2 C to be 12  ±  2 ns. Note that the rise time of the output voltage (i.e., the response following the initial delay of  Δ t) is 
limited by the buffer circuit used to characterize the device, not the device itself. (D) Scanning electron micrograph of another suspended CNT switch. 
Substrate is titled 45 °  about the horizontal axis of the image. A Raman spectral map is overlaid where the intensity is the integrated area of the G-peak 
region. Spectra were obtained at 0.15  μ m intervals using a 532 nm laser. Scale bar is 1  μ m. (E) Characteristic Raman spectrum from the marked point 
along the CNT in the map in (D). Black line is a Gauss-Lorentz fi t to the D, G, D’, and G’ bands (see Supporting Figure S3).  
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hypothesized to be due to a combination of factors in the CNT-
DLC carbon-carbon contact. On the electrode side of the contact, 
the extremely hard and smooth surface of the DLC is expected 
to reduce the propensity for wear-based degradation such as 
that observed with softer electrode coatings. [  5  ]  RMS surface 
roughness was measured to be 5 Å (Supporting Figure S9). An 
indentation hardness and Young’s modulus on the order of 50 
and 500 GPa, respectively, have also been reported for DLC. [  39  ]  
As a result, these materials are widely pursued as robust coat-
ings for their outstanding tribological properties (wear coeffi -
cient approximately 20 times lower than materials such as tita-
nium nitride [  39  ] ). Other hard, electrically conductive materials, 
such as silicon carbide, [  2  ]  have similarly proven very durable for 
NEM device applications. In addition, while the large electrical 
contact resistance reduces short-term catastrophic failure due 
to electrical discharge and associated Joule heating, [  18  ]  it also 
reduces the possibility of more gradual pitting of the electrode 
surface or damage to the CNT. 

 On the CNT side of the contact, fl exure of a pristine CNT 
during switch actuation should result primarily in distributed 
elastic strain of the C-C bonds (as is the case in RF applica-
tions where CNT resonators [  40  ]  routinely endure numerous 
cycles of similar strains in short periods without failure as they 
resonate in the absence of physical contact with an opposing 
electrode). Confocal Raman spectroscopy was used to assess 
the quality of the CNTs used (see Supporting Information). In 
general, CNTs produced by the arc discharge method, such as 
those used in this study, are considered to be of high quality 
with low defect density. [  41  ,  42  ]  Figure  2 E,F and Figure  3 D,E show 
characteristic results in which the Raman spectra were mapped 
along individual cantilevered and suspended CNTs respectively. 
The low D-band intensity (a disorder- or defect-induced fea-
ture) and strong symmetry on the in-plane tangential G-band 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
(i.e., minimal contribution from the D’-band which appears as 
a shoulder on the G-band and is a double resonance feature 
induced by disorder or defects) suggest a nearly pristine graph-
itic lattice structure in the CNTs. [  43  ]  This further suggests that 
the fabrication process used to construct the devices does not 
damage the CNTs. 

 As an example of the functionality of the carbon-carbon 
NEM switches, diode-resistor-type logic gates [  44  ]  were con-
structed from a pair of cantilevered NEM switches ( Figure 4   , 
and see further details in Supporting Information). The two 
CNTs were tied together electrically while the DLC electrodes 
associated with each switch were independently addressable 
and taken as the inputs (Figure S6). The electrical potential 
of the pair of CNTs ( V  O ), computed based upon the measured 
current through the resistor (see Supporting Information), is 
taken as the output. For example, AND gates were constructed 
by applying a fi xed bias to the CNTs through a pull-down 
resistor and using the potential of the two electrodes as the 
inputs (Figure  4 H). OR gates were constructed by grounding 
the CNTs through a pull-up resistor and again using the elec-
trode potentials as the inputs (Figure  4 I). The on-off ratio of 
the OR gate was approximately 1500. The AND gate exhibited a 
lower on-off ratio of 1.5, as it is largely limited by the high CNT-
electrode contact resistance which prevents the CNT potential 
from being pulled fully down to ground when making contact 
with a grounded DLC electrode. As such, the reliable switching 
afforded by the carbon-carbon contact allows for demonstra-
tions of functionality such as these logic gates. Future advances 
to various multi-electrode device architectures [  17  ,  45  ]  will enable 
complete, ultra-compact logic families using far fewer elements 
than common CMOS-based logic. These switches however 
will likely see more widespread application in hybrid NEM-
CMOS devices as a means to reduce the rapidly growing power 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 2463–2468
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     Figure  4 .     Logic gates constructed from pairs of carbon-carbon NEM switches. (A,B) Individual current-voltage responses of the two cantilevered NEM 
switches paired together to construct logic gates. Insets show scanning electron micrographs of the devices used. Scale bars are 500 nm. Substrate is 
tilted 52 °  with respect to the horizontal axis of the images. (C) Schematic of the pair of cantilevered devices as they are used for logic operations. The 
inputs to the two CNTs are tied together and biased through a resistor, while their DLC electrodes are independently addressable. The electrical potential 
of the CNTs,  V  O , is taken as the output. (D-G) Schematics of the various states of the two NEM switches corresponding to the input combinations as 
labeled in (H,I). (H) Voltage inputs ( V  A  and  V  B ) and output ( V  O ) for an AND gate. (I) Inputs and output for an OR gate.  
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consumption of CMOS technologies will allowing for continued 
scaling of the silicon processes. [  3  ,  7  ,  8  ]   

 In summary, the improved reliability demonstrated herein 
(thanks to a facile change in material selection), when com-
bined with previously demonstrated ultra-low off currents and 
future advances in manufacturing to facilitate faster speeds and 
lower pull-in voltages, provides a path toward realizing highly 
sought after hybrid NEM-CMOS devices. These hybrid devices 
will consume signifi cantly less power than their conventional 
CMOS counterparts, while allowing for continued scaling of 
the silicon. 

 The devices reported herein had response times around 10 ns 
and actuation voltages of 20 to 40 V, which are high relative 
to current CMOS. However, dynamic multi-physics models [  18  ]  
predict that the response time can be reduced to approximately 
1.5 ns for a device with the same geometry of that in Figure  2 A 
but with only three CNT shells (see Supporting Figure S8). 
More signifi cant reductions of one order of magnitude or 
more in both response time and pull-in voltage are expected by 
scaling down the critical dimensions (CNT length and diameter, 
and CNT-electrode gap) and by replacing the multi-walled CNTs 
used herein with single- or double-walled CNTs. [  25  ,  26  ]  Dadgour 
et al. predict a target design window for cantilevered CNT NEM 
switches with lengths of 22 nm (equivalent to the most recent 
CMOS node technologies) and CNT-electrode gaps between 
1 and 2 nm. [  25  ]  These devices would have pull-in voltages of 
around 1 V and speeds in the GHz range. 

 By combining NEM architectures with CMOS, hybrid tech-
nologies will combine the ultra-low leakage of NEM switches 
with the high ‘on’ currents of CMOS transistors. [  3  ]  While the off 
currents here were on the order of 10–100 pA (limited by the 
experimental fabrication and characterization methods used), 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 2463–2468
on/off current ratios as high as 10 7  have been reported for NEM 
switches, [  27  ]  making them attractive candidates to reduce leakage 
in these hybrid systems. In addition, future optimization of the 
CNT-DLC contact in these devices will reduce the contact resist-
ance (the primary limiter of ‘on’ current) to increase throughput 
and speed while maintaining device robustness. The current 
carrying capacity of the NEM switches themselves can also be 
greatly increased by employing arrays of switches in parallel, 
or through devices in which ensembles of many CNTs defl ect 
together in the active element. [  46  ]  

  Experimental Section 
 See detailed description of experimental materials and methods in the 
Supporting Information. 

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