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Meija R.1, Livshits A.I. 1, Kosmaca J. 1, Jasulaneca L. 1, Andzane J. 1, Biswas S. 2, Holmes2 

J.D., Erts D1,3. 

1Institute of Chemical Physics, University of Latvia 

2School of Chemistry, ERI and the Tyndall National Institute, University College Cork, Cork, Ireland 

3Faculty of Chemistry, University of Latvia 

 

Abstract  

Electrostatically actuated nanobeam-based electromechanical switches have shown 

promise for versatile novel applications, such as low power devices. However, their 

widespread use is restricted due to poor reliability resulting from high jump-in 

voltages.  This article reports a new method for lowering the jump-in voltage by 

inducing mechanical oscillations in the active element during the switching ON 

process, reducing the jump-in voltage by more than 3 times.  Ge0.91Sn0.09 alloy and 

Bi2Se3 nanowire-based nanoelectromechanical switches were constructed in-situ to 

demonstrate the operation principles and advantages of the proposed method. 
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Introduction 

Nanoelectromechanical (NEM) systems have shown great promise in the automotive 

[1], space [2] and electronics [3] industries for applications such as high frequency 

resonators [4], mass sensing [5–7] and switches [8–12].  NEM systems represent the 

next technological advancement after microelectromechanical (MEM) systems in 

terms of switching speed, energy efficiency and integration density. 

A NEM switch is a type of a NEM system, where mechanical and electrical properties 

of flexile nanostructures are exploited for switching between the ON and OFF 

positions. NEM switches have been proposed as low power [13] devices with small 

leakage currents and high on/off ratios [14–17].  Currently, the biggest challenge 

that delays the commercialization of NEM switches, especially proposed gateless 

switches with high jump-in voltages, is their insufficient durability [11,12]. 

One of the main challenges for the durable operation of a gate-less NEM switch is 

controlling electric field induced effects. Uncontrolled, these effects may result in 

the permanent ON state (stiction) or burn-out of the flexile element of the switch. 

High electric fields, in the order of 108 V/m, between the contact electrodes may 

result in switch stiction due to the field-induced material transfer [18,19]. For metal-

metal nanocontacts, the material transfer induced stiction has been reported for the 

source-drain voltage exceeding 5 V [19].  Higher jump-in voltages can also result in 

electric field induced burn-out of the flexile element in two-terminal devices 

[8,10,20–22].  Low jump-in voltages for a particular switch architecture will therefore 

likely increase the durability of a switch. 
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Several approaches to lower the jump-in voltage for gate-less switches have been 

reported, with the most straightforward method being a reduction of the separation 

gap between the flexile element and the contact electrode [17,23].  A drawback of 

this approach is a decrease of the restoring elastic force accompanying the 

separation gap reduction, often resulting in a permanent stiction of the flexile 

element in an ON state due to the adhesion in the contact with the electrode.  Other 

more sophisticated ways to lower the jump-in voltage have included using novel 

device architectures, e.g., pipe-clip design [15], and operating the switch in a 

dielectric liquid [24]. 

The flexile elements of NEM switches are either fabricated by top-down processes, 

using e-beam lithography techniques, or synthesized independently by a bottom-up 

technique and then arranged to the desired positions on the NEM device during its 

configuration. Using synthesized nanowires instead of lithography made nanobeams 

as flexile elements in the NEM switches offers increased control over their chemical 

composition and morphology.  Other advantages include smooth contact surfaces, 

low defect densities and mechanical properties that approach the theoretical limits 

for strength [25]. 

We have previously shown that mechanical oscillations of a flexile element can be 

utilized to monitor switch dynamics and adjust contact adhesion between an 

electrode and the flexile element in a NEM switch [26,27]. We have also reported a 

method for switching a nanowire flexile element in a NEM device from an ON to OFF 

state by inducing resonant mechanical oscillations [28], reducing the work of 

adhesion and consequently the switching voltage by up to 10 times for the gate-less 
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NEM switches. Oscillations induced in the flexile element have also been used to 

monitor its mechanical strain [27] and the changes in NEM switch nanocontacts [29]. 

This article reports a novel approach to decrease the jump-in voltage (ON state) by 

inducing electrostatically induced mechanical oscillations in the flexile element of a 

NEM switch while it is in its OFF state. The method allows maintenance of a large 

initial separation gap between the flexile element and the contact electrode, leading 

to an elastic restoration force strong enough to overcome adhesion in the ON state 

contact. This approach also limits the jump-in current, thus preventing current-

induced modifications in the contact during the ON state, which could result in a 

permanent stiction of the switch [17,23,29]. This method is presented for both 

cylindrical Ge0.91Sn0.09 (GeSn) and rectangular Bi2Se3 nanowires. We chose GeSn 

nanowires, because of their combination of high mechanical strength [30], lower 

resistivity [31] and absence of non-conductive germanium oxide outer shell [32] that 

is present in previously used Ge nanowires [8]. Bi2Se3 nanowires were chosen 

because of their lower resistivity and increased contact area due to their rectangular 

shape, thus making them more conductive [33,34]. As Bi2Se3 is a thermoelectric 

material [35], they could be also used in novel applications, for example, to detect 

temperature difference across switch terminals. 

 

Materials and methods 

The experiments were carried out in-situ SEM Hitachi S-4800. For the contact 

electrodes, electrochemically etched gold (GoodFellow 99.95 %) tips were used.  

Sharp tips were used to achieve a smaller contact area and thus lower adhesion in 
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the contact.  A SmarAct 13D nanomanipulator was used to transfer nanowires from 

substrates used for their synthesis to gold tips, and for acquiring the desired switch 

geometry. 

GeSn and Bi2Se3 nanowires (cylindrical and rectangular shapes) were used as 

switching elements. The GeSn nanowires were synthesized by a vapor-liquid-solid 

method [32] and the Bi2Se3 nanowires were synthesized by catalyst-free physical-

vapor-deposition [33,34].  

For the electric measurements, Keithley 6430 and Keithley 6487 source-meters were 

used. An Agilent N9310A signal generator was used to induce the electrical 

oscillations between the nanowires and the gold electrodes.  The methodology for 

the resonance frequency and Q-factor measurements was similar to that previously 

reported [12,26]. 

 

Results and discussions 

The schematics of an electrostatically actuated gate-less NEM switch in different OFF 

states can be seen in Figure 1a. The position of the flexile element (in our case 

nanowire) during the switch operation is determined by the resultant force arising 

from the superposition of an attractive electrical force F(x,t) and a repulsive elastic 

force of the deflected from the equilibrium position nanowire Felas(x). The attractive 

force can be caused solely by an applied DC field between the electrodes, inducing 

deflection of the nanowire towards the opposite electrode or by the combination of 
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AC and DC fields, inducing the deflection and mechanical oscillations of the nanowire 

at its resonance frequency simultaneously. 

 

 

Figure 1. a) Electrostatically actuated NEM switch. U(t) – voltage applied between the electrode and 

the flexile element, h – initial distance (gap) between the active element and the electrode, -x – the 

deflection of the active element.  Black line – initial position of the nanowire, when U(t) = 0.  When 

U(t) is applied, red line is the stable deflection of the nanowire and blue line is the unstable deflection 

of the nanowire, which leads to jump in contact or return to the stable position.  b) Stable and 

unstable solutions of the equation 1.  Numerical solution is given by the solid line, while 

approximation – by the dotted line.  For each α there is a y value that represents the stable solution 

(red line) and the unstable solution (blue line) for the equation 4. 

A theoretical model was developed to qualitatively describe the operation of this 

NEM switch. While not providing a quantitative description of the NEM switch 

operation, the model explains the main idea underlying the above configuration of 

the NEM switch, as well as illustrating the basic features of its operation. 

Associating the coordinate x with the perpendicular deflection of the free end of the 

nanowire (Figure 1a), the differential equation corresponding to the motion of the 

nanowire is given by the expression shown in equation 1: 

�̈�(𝑡) +
2𝜋𝑓0

𝑄
�̇�(𝑡) + (2𝜋𝑓0)2𝑥(𝑡) = 𝐹(𝑥, 𝑡), (1) 
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where f0 stands for the oscillator’s material dependent mechanical eigen frequency 

of a nanowire, Q for its quality factor and F(x,t) for the external electrostatic force 

per mass unit.  This force is proportional to the square of the electric field.  The latter 

is proportional to the voltage applied between the switching element and the 

counter electrode. If both DC and AC voltages are applied the resulting force F(x,t) 

can be written as shown in equation 2: 

𝐹(𝑥, 𝑡) = 𝑔(𝑥) (𝑈𝑑𝑐
2 +

1

2
𝑈𝑎𝑐

2 + 2𝑈𝑑𝑐𝑈𝑎𝑐𝑠𝑖𝑛(2𝜋𝑓𝑡) −
1

2
𝑈𝑎𝑐

2𝑐𝑜𝑠(4𝜋𝑓𝑡)), (2) 

where f is AC field frequency and Uac , Udc  are AC and DC voltages – respectively. 

The important feature of the force represented in equation 2 is that it depends not 

only on time directly, but also indirectly through the time-dependence on unknown 

function g(x), as the coordinate x is also a function of time. An accurate enough 

model of the external force F(x,t) can be obtained by solving the corresponding 

electrostatic problem (equation 2) numerically. In this paper we are interested only 

in the first mode of oscillation, which has the highest amplitude for oscillations, 

which permits the nanowire to be considered just as a harmonic oscillator.  A simple 

qualitative consideration can then be used, together with an analytic model 

function, for g(x) as shown in equation 3: 

𝑔(𝑥) =
−𝐾

(𝑥+ℎ)𝑝  𝐾 > 0, 𝑝 > 2   (3) 

The proportionality constant K, the power parameter p, and the distance between 

the initial non-deformed nanowire and the counter electrode surface h are present 

in equation 3. h is expected to be positive and x to be negative, thus the attractive 
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force grows when 𝑥 → −ℎ. For simplicity a dimensionless coordinate 𝑦 =
𝑥

ℎ
 will be 

used. 

 

DC only 

First, the static solution when only DC voltage was applied to the NEM switch [8–

10,22] was considered to estimate the free parameters for the setup used in our 

experiments. In such a case, equation 1 reduces to equation 4 as shown below: 

𝑦 =
−𝛼

(𝑦+1)𝑝 ; 𝛼 = 𝐾
𝑈𝑑𝑐

2

(2𝜋𝑓0)2 , 𝛼0 =
𝐾

(2𝜋𝑓0)2.  (4) 

In Figure 1b, solutions to equation 4 in the interval yϵ[0;1] are plotted. For the case 

of p=2, by inspecting the roots of the corresponding cubic equation, if 𝛼 <
4

27
, two 

such solutions exist. The solution which corresponds to the smaller deflection (Figure 

1 a,b red line) represents a stable equilibrium point. The solution which corresponds 

to the larger deflection (Figure 1a,b blue line) represents an unstable equilibrium 

from which a jump to contact can occur.  The solution remains qualitatively 

unchanged if p is positive, which corresponds to all real experimental setups. 

The approximate expression for the stable equilibrium (Figures 1a,b – dotted red 

line) can be found as a power expansion, shown in equation 5. To obtain this result 

one must represent the unknown function as a Taylor expansion around α = 0. By 

taking derivatives of the equation (4) it is possible to get all of the necessary 

expansion coefficients, like 𝑦(0) = 0,
𝑑𝑦(0)

𝑑𝛼
= −1, and so on. 

𝑦𝑠𝑡𝑎𝑏𝑙𝑒 = −𝛼 − 𝑝𝛼2 −
1

2
(𝑝 + 3𝑝2)𝛼3 −

1

3
(𝑝 + 6𝑝2 + 8𝑝3)𝛼4+. .. (5) 
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The approximate expression for the unstable equilibrium (Figures 1a,b – dashed blue 

line) can be written as detailed in equation 6. This result is achieved by rewriting the 

equation (4) as 𝑦 = −1 − 𝛼1 𝑝⁄ 𝑦1 𝑝⁄⁄  and then expanding the unknown function in 

powers of 𝛼1 𝑝⁄  the same as it was done for the stable solution (5). 

𝑦𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒 = −1 + 𝛼
1

𝑝 +
1

𝑝
𝛼

2

𝑝 +
3+𝑝

2𝑝2 𝛼
3

𝑝 +
8+6𝑝+𝑝2

3𝑝3 𝛼
4

𝑝+. .. (6) 

If the applied DC voltage increases, the parameter α which is proportional to the 

voltage squared (equation 4) also increases, and the nanowire will deflect more. 

When α reaches its largest value (Figure 1b – intersection between the blue and red 

lines), the jump-in voltage is reached, and the nanowire jumps into the contact with 

the electrode (Figure 1 a). The largest value of α depends on the chosen value of the 

parameter p. As can be seen from the Figure 1b, for p = 3 α is close to 0.105 and for 

p=4 α is close to 0.81. 

To test the above theoretical model and to find the exact values of parameters p and 

α for our setup, the deflection of a GeSn nanowire as a function of applied voltage 

between the electrodes (Figure 2) was experimentally determined. The length of the 

GeSn nanowire was LGeSn = 14.8 μm, radius RGeSn = 115 nm, f0=623 kHz, Q = 550 and 

the Young modulus E = 106 GPa. The initial separation gap h between the nanowire 

and the gold tip was h = 0.57 μm. From the Figure 2 it can be seen that the 

experimental points correspond well with the theoretical curve calculated for the 

parameters 𝛼0 =
𝐾

𝑓𝑟
2 = (7.46 ± 0.92) ∙ 10−4 and p = 1.78 ± 0.20. 
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Figure 2 – Deflection of a GeSn nanowire with LGeSn = 14.8 μm, RGeSn = 115 nm, f0 = 623 kHz, Q = 550 

and E = 106 GPa as a function of static electric field applied between the NEM switch electrodes. Data 

points – experiment, red line – fitted theoretical calculations. After the last experimental point (13.7 

V) the jump-in occurred at 13.8 V. 

Figure 3 shows a DC-only driven gate-less NEM switch with a jump-in voltage of 13.8 

V and jump-off voltage of 3.3 V. There is a hysteresis in the current when the voltage 

increases and decreases between 13.8 V and 20 V, which is not desirable for a NEM 

switch.  The increased current in the reverse part of the I-V curve indicates that the 

switch elements may have been changed [29]. Repeated I-V measurements for 

another GeSn nanowire based device can be found in supplementary info (Figure 1 

suppl.). 
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Figure 3 – I-V characteristics of a DC-only driven NEM switch for a GeSn nanowire with LGeSn = 14.8 

μm, RGeSn =115 nm, f0 = 623 kHz, Q = 550 and E = 106 GPa.  Black arrows show direction of the voltage 

sweep.  Blue arrows show SEM images of the NEM switch in ON and OFF states during the sweep. Red 

arrow represents the jump-in voltage for the switch driven by a combined AC-DC field. White scale 

bars in SEM pictures represent 1 μm. 

AC-DC combined 

With all the experimental parameters for the theoretical model of a NEM switch 

acquired, the oscillations due to additionally applied AC voltage were considered. 

To obtain the analytical expressions when both AC and DC voltages are applied 

between the NEM switch electrodes, the g(y) function was approximated around its 

static solution y0 as a linear function gapprox(y), as shown in equation 7: 

𝑔𝑎𝑝𝑝𝑟𝑜𝑥(𝑦) = −𝐾 (
1

(𝑦0+1)𝑝 −
𝑝

(𝑦0+1)𝑝+1
(𝑦 − 𝑦0)) 𝑦0 = 𝑦𝑠𝑡𝑎𝑏𝑙𝑒  (7) 

resulting in an equation of motion as shown in equation 8: 

𝑦¨(𝑡) +
2𝜋𝑓0

𝑄
𝑦˙(𝑡) + (2𝜋𝑓𝑈)2𝑦(𝑡) = (2𝜋𝑓𝑈)2𝑦0 + 𝑔𝑎𝑝𝑟𝑜𝑥(𝑦) (2𝑈𝑑𝑐𝑈𝑎𝑐𝑠𝑖𝑛(2𝜋𝑓𝑡) −

1

2
𝑈𝑎𝑐

2𝑐𝑜𝑠(4𝜋𝑓𝑡)) (2𝜋𝑓𝑈)2 = (2𝜋𝑓0)2 − 2𝐾
(𝑈𝑑𝑐

2 +
1

2
𝑈𝑎𝑐

2 )

(𝑦0+1)𝑝+1   (8) 
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Equation 8 clearly demonstrates that the resonance frequency fU of the oscillator 

decreases under the influence of the electric field.  This means that when a 

combined AC+DC field is applied between the switch electrodes, the resonance 

frequency fU of the nanowire will be lower than its eigenfrequency f0.  The solution 

to equation 8 can be obtained as an expansion in powers of Uac.  The linear term is 

presented in equation 9 below: 

 𝑦 = 𝑦0 + 𝑦1𝑈𝑎𝑐+. . . 𝑦1 =
−2𝐾𝑈𝑑𝑐

(𝑦0+1)𝑝 (𝑆𝑠𝑖𝑛(2𝜋𝑓𝑡) + 𝐶𝑐𝑜𝑠(2𝜋𝑓𝑡)) 𝑆 =

𝑄2(𝑓2−𝑓𝑢
2)

4𝜋2((𝑓2−𝑓𝑢
2)

2
𝑄2+(𝑓𝑓0)2)

 𝐶 =
𝑄(𝑓𝑓0)

4𝜋2((𝑓2−𝑓𝑢
2)

2
𝑄2+(𝑓𝑓0)2)

  (9) 

The corresponding amplitude of the oscillations of the nanowire at any applied AC 

electric field frequency f is given by equation 10: 

𝐴 =
2𝐾𝑄𝑈𝑑𝑐𝑈𝑎𝑐

4𝜋2(𝑦0+1)𝑝√(𝑄2(𝑓2−𝑓𝑢
2)

2
+(𝑓𝑓0)2)

 (10) 

If this amplitude is larger than the difference between the unstable root, given in 

equation 6, and the stable root, given in the equation 5, then the jump-to-contact 

will occur.  If the Uac frequency f is equal to the field-modified resonance frequency 

fu (equation 10) then the condition for jump-to-contact can be represented by 

equation 11: 

𝑈𝑎𝑐𝐽𝑢𝑚𝑝𝑇 ≥
(4𝜋2)

2
(𝑓𝑢𝑓0)2(𝑦𝑠𝑡𝑎𝑏𝑙𝑒+1)𝑝(𝑦𝑠𝑡𝑎𝑏𝑙𝑒−𝑦𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒)

2𝐾𝑄𝑈𝑑𝑐
 (11) 

Equation 11 predicts that for our experimental setup with GeSn nanowire, where in 

a DC-only regime the jump-in voltage was 13.8 V, the combined AC+DC regime (with 

UACJumpT = 0.15 V at fU = 610.8 kHz) will decrease the jump-in voltage down to Udc = 5 

V, which is almost a 3 times effective jump-in voltage reduction. 
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To prove the above assumption, an experiment with Udc = 5 V and fU = 610.8 kHz 

predicted by the theory was carried out with the same GeSn nanowire NEM device, 

but with a slightly larger UAC = 0.45 V compared to the theoretical value of UACJumpT = 

0.15 V (Figure 4a).  A higher AC voltage than the theoretically predicted was chosen 

to achieve a stable switching of the NEM device; operating at the theoretical limit or 

close to it was undesirable due to possible instability (for example, thermal drift) of 

the experimental system. 

In comparison to DC only switching, the lower combined AC+DC jump in voltage is 

shown in Figure 3 as a red arrow to emphasize the effect of the AC field on the jump 

in voltage.  Such a reduction of the jump-in voltage may lead to a reduction of the 

current-induced effects and prolonged lifetime of the NEM switch 18. 

The I(t) characteristics of the subsequent switching for the same GeSn nanowire can 

be seen in Figure 4b.  These characteristics indicate a clear ON-OFF behavior of the 

switch.  The differences between the ON state current values most likely indicate 

some variations in the contact areas for each jump-in event.  These differences may 

be due to the gold electrode which has a conic shape, and each time the cylindrical 

GeSn nanowire attaches in a slightly different position, thus changing the contact 

area. The demonstrated current switching can be used in biosensor applications 

where the signal is in picoampere range [36]. 
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Figure 4 a) SEM images of the switching element - GeSn nanowire; b) I(t) characteristics for combined 

AC+DC driven NEM switch.  The different current values in ON states can be attributed to the 

different contact areas for each ON state. 

To show our AC+DC method’s applicability for the nanowires with different 

geometries, similar experiments were carried out for rectangular Bi2Se3 nanowires 

[33,34].  Due to their shape, resulting in a larger contact area and lower resistance 

[33,34], a higher current through the circuit could be achieved at the same voltage as 

for the cylindrical GeSn nanowires. 

However, Bi2Se3 nanowires are prone to burn-out at much lower jump-in voltages 

[21] in comparison to Ge [8,22] and Si [9] nanowires, which makes them difficult to 

implement in electrostatically actuated NEM switches [21].  In our experimental 

setup, the Bi2Se3 nanowires switched ON-OFF in a combined AC+DC regime when Uac 

= 2.8 V and Uac = 0.8 V were applied between the switch electrodes (Figure 5a,b) 

respectively.  After the AC+DC test was performed, it was not possible to test this 

nanowire in DC only regime in the same geometry, due to burning of the nanowire in 

jump-in when a Udc = 8.3 V was applied.  This fact confirms that the combined AC+DC 
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driven operation is promising for the NEM switches with flexile elements made of 

materials that cannot withstand high jump-in voltages. 

 

Figure 5 a) – SEM images of the NEM switch with Bi2Se3 flexile element in OFF and ON state; b) – I(t) 

characteristics for this NEM switch. 

 

Conclusions 

We have demonstrated both theoretically and experimentally a novel method that 

implements both AC voltage, at the resonance frequency of nanowires, and DC 

voltage to decrease the jump in voltage for electrostatically actuated nanobeam-

based NEM switches.  We have shown experimentally that for GeSn nanowires used 

as a NEM switching element that the jump-in voltage can be reduced almost 3 times 

when operating in the AC+DC instead of DC-only regime.  For Bi2Se3 nanowires the 

AC+DC method provided a low enough jump-in voltage to construct an operating 

switch that did not fail due to burn-out.  Using combined AC+DC operating regimes is 

a convenient method to increase the durability of a NEM switch, by decreasing the 

impact due to such phenomena as electrostatic discharge, Joule heating, Fowler-

Nordheim tunneling etc.  
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