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A B S T R A C T   

The existence of (sub)micrometer scale gaps in Micro-Electro-Mechanical-Systems (MEMS) gives rise to field 
emission currents and this is already considered a reliability issue resulting in device degradation and/or failure. 
This work aspires to offer another perspective with respect to the field emission related phenomena in Radio 
Frequency (RF)-MEMS, focusing the attention prior to the failure and emphasizing on a reliability aspect 
affecting the signal integrity. This stems from the non-linear nature of the field emission currents and instigated 
during their simultaneous presence with RF signals, particularly of high power. Theoretical calculations reveal 
that this combination results in the generation of new harmonics in addition to the stimulated one. This effect 
dependents on the distortion induced in the field emission current by the simultaneous excitation by both the DC 
and the RF biases. Apart from the applied biases, additional parameters contributing indirectly, such as the 
operation frequency and the device characteristics are having a major role. These outcomes should therefore be 
considered when designing (high-power) RF MEMS applications.   

1. Introduction 

Radio Frequency Microelectromechanical Systems (RF MEMS) are 
considered the most promising alternatives to replace semiconductor- 
based switches in microwave circuits. Indeed, RF MEMS switches 
comprise a unique ensemble of properties including high linearity, low 
power consumption and remarkable microwave performance up to 
higher frequencies with respect to their counterparts [1]. Further to 
these, their ability to satisfy the needs of cutting-edge technologies (e.g. 
5G communication systems and beyond) revived over the recent years 
the research interest around RF MEMS where another trend receiving 
increasing attention is also their ability to handle high-power signals 
[2–4]. 

A natural consequence of moving parts coming in proximity, coop-
eratively to the existence of high biases during MEMS operation, is the 
enhancement in the probability for the onset of field emission currents. 
Field emission currents have already been experimentally demonstrated 
in both RF MEMS-like structures [5–7] and RF MEMS switches [8–10]. 
With regards to the reliability perspective, to date these currents have 
been reported to contribute to failure related aspects, either through the 
dielectric charging [11] or by driving the devices to breakdown [12]. 

The current study focuses the attention prior to the device failure and 
emphasizes on a signal integrity related reliability issue. More specif-
ically this work aims to discuss a phenomenon that stems from the non- 
linear nature of field emission currents and instigated by their simulta-
neous presence with RF-signals. This is the generation of new harmonics 
in addition to the stimulated one. The features of these new harmonics 
are determined by the distortion induced on the field emission current 
when the RF signal is superimposed over the DC one. This effect has 
already been reported several decades ago by Charbonnier et al. [13] but 
remains of interest for the realization of microwave components such as 
the frequency multiplier presented in [14]. The present study ap-
proaches this phenomenon from a different perspective so to highlight a 
signal integrity related reliability issue that is anticipated to appear 
during high power operation of RF MEMS. To achieve this, a purely 
theoretical approach is adopted. This allows to avoid potential inter-
ference from other co-existing phenomena and thus, to isolate and 
highlight the features of this effect. Towards the same direction, and 
although the major outcomes are not device specific, a case-study of a 
dielectric-less shunt RF MEMS capacitive switch is investigated. 
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2. RF signals over field emission currents 

2.1. Background 

Field emission is the well-known phenomenon describing the emis-
sion of electrons from metals under intense electric fields. With regards 
to the term intense, the determination of the threshold field is not a 
straightforward task. Nevertheless, most probably an intensity in the 
order of 106 V/cm [15] is sufficient for the onset. 

Such field intensities are quite possible to exist in MEMS structures as 
the moving parts are coming in proximity. However, apart from this 
case, such intensities can also be locally reached even with much lower 
macroscopic fields. This is due to surface asperities, always present even 
on the planar MEMS electrodes, and resulting in enhanced local field 
intensities capable to onset the generation of field emission currents. 

Regarding the microwave response of these currents, it should be 
considered that the tunnelling time through a barrier of few electron- 
Volts (eVs), like those of the commonly utilised metals in MEMS, is 
<10− 15 s. Thus, field emission currents are expected to fully comply 
with electric field variations in the microwave frequencies. 

In view of these, when an RF (vRF) signal is superimposed over a DC 
one (VDC) the current through the gap of an RF MEMS switch should be 

I(t) = A[VDC + vRFsin(2πft) ]2e−
B

VDC+vRF sin(2πft) (1) 

In Eq. (1), A and B are constants (explained in detail in [16]) related 
with the emitting area and the field enhancement factor (β), π = 3.14 
and f is the frequency of the microwave signal. This combination of non- 
linear terms with the trigonometric signals generates higher order 
harmonics. 

2.2. The field emission currents 

The aim of this study is to perform a set of calculations within a 
framework of assumptions that allows to highlight the features of the 
phenomenon under investigation. As the effect is strongly non-linear 
with several parameters involved, this approach enables to isolate the 
interference from potential co-existing phenomena, as for example the 
possible dynamic variation of the emitting spot characteristics (e.g. the 
emitting area and/or the field enhancement factor (β)) during the pro-
cess. An effect like this, that cannot be always fully prevented, could add 
a non-controllable distortion in the field emission current rendering the 
extraction of concluding remarks non-straightforward task. Therefore, a 
fully theoretical approach adopted, where the field emission currents 
were calculated by discrete points selected for supporting in the best 
way the following spectral analysis. The device parameters are having 
values typically existing in the literature [17,18]. It was identified that 
creating a signal for full 25 periods and “monitoring” this using 212 

points, provides adequate resolution for the spectral analysis. Finally, an 
RF signal having 10 GHz frequency was selected. 

Considering Eq. (1) it appears that the critical parameter that should 
be investigated is the distortion induced in the field emission current by 
the simultaneous excitation by both the RF (vRF) and the DC (VDC) 
biases. To clarify this effect, four cases have been chosen by progres-
sively increasing the ratio of vRF/VDC from 1 % to 10 %, to 50 % and 
finally to 90 % for a given VDC. The first two cases are presented in 
Fig. 1a (for ratio of 1 % and of 10 %), showing slight modulation around 
the DC current value (t = 0), that becomes more asymmetric as the ratio 
increases from 1 % to 10 %. The other two cases (for ratio 50 % and of 
90 %) are shown in Fig. 1b. 

In these cases, the effect of the RF component is much more pro-
nounced. At this point it should be mentioned that our study was 
focusing on revealing the phenomenon and its major features. However 
as pointed out by Eq. (1), this has a strongly non-linear response. 
Therefore, altering any of the critical parameters such as the operation 
voltage VDC or the emitting spot properties (this is strong function of the 

surface roughness characteristics) or the device details (e.g. the type of 
metal thus the involved work function) will result in different numerical 
outcomes. Thus, any further study that focuses on specific results re-
quires calculations for each exact combination of those device charac-
terises and applied biases VDC and vRF. 

2.3. Spectral analysis 

Following from these, the signals presented in Fig. 1a and b (the full 
signal expands to 25 periods as mentioned earlier) went through a Fast 
Fourier Transform (FFT) analysis. The results enabled the assessment of 
the RF modulated field emission currents in the frequency domain. As 
anticipated additional harmonics (fi) with respect to the stimulated one 
(f0) revealed by the FFT analysis and are presented in Fig. 2. 

Fig. 2 shows the normalised magnitude (mag(fi)/mag(f0)) of each of 
the generated harmonics with respect the magnitude of the stimulated 
one (f0 = 10GHz). We only considered this ratio when it is higher than 
10− 3. 

From the analysis it is confirmed that as the ratio of vRF/VDC is 
becoming greater (for a given VDC), thus the distortion in the field 
emission current is becoming stronger, more and more harmonics 
appear to have magnitude that should be considered as important (ratio 

Fig. 1. Time dependent field emission currents obtained when an RF signal 
(vRF) is superimposed on an existing current as result of DC excitation (VDC). 
Minor influence is obtained when the ratio vRF/VDC is 1 % and 10 % (a), whilst 
a ratio of 50 % of 90 % results in important current modulation (b). 
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> 10− 3) with respect to the one of the stimulated harmonic. Finally, and 
with regards to the non-linear nature to this effect, it is worth 
mentioning an example of a study versus the background field E0 (VDC in 
our case) that is presented in [14], showing that some higher order 
harmonics are becoming insignificant as the background field increases 
since the current waveform becomes less distorted. In any case similar 
effect may have the choice of different field enhancement factor and/or 
emitting area or considering a different metal for the moving bridge. All 
these parameters could control the degree of distortion that a specific RF 
signal is capable to induce on the field emission current. Therefore, as 
also earlier discussed, if specific outcomes are required then the exact 
values of the corresponding parameters should be considered. 

3. Application on RF MEMS capacitive switches 

3.1. Background 

The applied RF-voltage across a MEMS switch, is defined by the 
incident (Vi) and the reflected (Vr) waves as 

VMEMS = Vi +Vr = Vi +ΓVi = Vi(1+Γ) (2)  

In Eq. (2) Γ is the reflection coefficient which for the case of shunt 
capacitive switch is expressed as 

Γ =
ZIN − Z0

ZIN + Z0
=

− Z0

Z0 + 2ZMEMS
(3)  

In Eq. (3) Z0 is the characteristic impedance, ZMEMS is the impedance of 
the RF MEMS switch and ZIN the input impedance of the MEMS switch 
connected in shunt configuration. 

3.2. The field emission currents 

For a capacitive RF MEMS switch the impedance is given by the se-
ries combination of a resistor (RM), an inductor (LM) and a capacitor 
(CM) as 

ZMEMS = RM + jωLM +
1

jωCM
(4)  

where j2 = − 1 and ω = 2πf. The present study is focusing only in 
operation at the resonance frequency 

f0 = 1
/(

2π
̅̅̅̅̅̅̅̅̅̅̅̅
LMCM

√ )
(5)  

For this study and with the perspective of highlighting the features of the 
phenomenon as earlier discussed, the case of a dielectric-less switch 
(Fig. 3) is presented. The existence of dielectric film is not expected to 
change the major outcomes. However, as it has been experimentally 
demonstrated in [8], the dielectric film under specific operation condi-
tions could act as a limiting factor for the current flow. This will add 
further complexity in the calculations that this study wishes to avoid 
towards extracting straightforward outcomes. Therefore, towards this 
end an actuated switch with CM = 500fF, was considered, including two 
cases regarding its resistance, one for RM = 0.5 Ohm and one for RM =

0.1 Ohm. Moreover, two resonance frequencies were studied, one 
occurring at 22.5 GHz obtained for LM = 100 pH and another one at 50.4 
GHz obtained for LM = 20 pH. Thus, two cases where RM and CM are 
identical, as well as two cases where CM and LM are identical will be 
investigated. 

Working at the resonance, ZMEMS = RM and making the reasonable 
assumption that ZMEMS remains practically unaffected by the field 
emission current (capacitance is not affected in [8]), the voltage across 
the switch RLC is obtained by using Eq. (3) and then Eq. (2). The cor-
responding current through the switch RLC circuit is then IMEMS=V-
MEMS/RM and the voltage across the capacitive component of this RLC 
(the one that will be involved in the field emission) is |Vc| = IMEMS/ 
ωCMEMS.These values versus the power level of the incident RF signal are 
presented in Fig. 4. 

The quantity Vc depicted in Fig. 4 is the quantity vRF that should be 
included in this case in Eq. (1). Thus, this will define the strength of the 
generated harmonics. 

A clear observation is that the phenomena will be more and more 
pronounced as the power of the incident RF signal increases. Further to 
this, it appears that the frequency of operation also affects this quantity 
and thus consequently the magnitude of the generated harmonics. 
Finally, an important point worth to be mentioned is that Vc applies 
with a (− π/2) phase shift with respect to the incident signal. Based on all 
these the full analysis presented in the previous section was performed 
also for a shunt RF MEMS switch having resonance frequency f0 = 22.5 
GHz and for an incident RF signal of 40 dBm and is presented in Fig. 5. 

3.3. Circuital analysis 

To evaluate the circuital effects, an equivalent circuit focusing on 
each of the generated harmonic (depicted in Fig. 6) was adopted. 

This circuit is the appropriate one to describe the switch presented in 
Fig. 3. The “field emission current source” (iFE) represents a new har-
monic. At this point it is important to mention that throughout these 
years many different variations of RF MEMS have been presented. Thus, 
different cases may correspond to different equivalent circuits and thus 
different responses. A particular family of RF MEMS utilises separate 
actuation pads. In this case this may (but also may not depending on the 
exact structure) isolate the two excitations thus the DC from the RF 

Fig. 2. The signals presented in Fig. 1 went through a FFT that revealed the 
existence of new harmonics beyond the stimulated. The normalised magnitude 
of these harmonics is more pronounced as the ratio vRF/VDC increases. 

Fig. 3. Representative simplified schematic for the shunt capacitive dielectric 
less switch considered in the presented theoretical study, (a) top view and (b) 
side view. 
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contribution and consequently to mitigate the effect. Nevertheless, it is 
important to stress out that for high power application the RF signal 
itself could be sufficient to instigate the effect and to induce asymmetric 
field emission current with notable harmonic content [13]. 

With regards to the specific case studied, this analysis suggests that 
the new harmonics also anticipated to appear at the output (V#2) as 

V#2 =
iFE

2
Z0/jωCM

RM + jωLM + Z0
2 + 1

jωCM

(6)  

Calculating the full output of this network requires to consider that this 
signal will consist by several components, including i) the non-reflected 
part of the incident signal (isolation is not perfect), ii) the same har-
monic existing as the basic component of the field emission currents 
(having however a (-π/2) phase), and iii) the contribution of a certain 
number of new harmonics generated. Overall, this is a situation that may 
be considered as a signal integrity related reliability issues during high 
power operation. 

4. Concluding remarks 

The paper presents a theoretical study that allows to highlight a 
signal integrity related reliability issue that is anticipated to appear 
during high power operation of RF MEMS. This is stemming by the 
simultaneous presence of field emission currents with RF signals, a 
combination resulting in the generation of new harmonics with respect 
to the stimulated one. Application of these finding in the case-study of a 
dielectric-less shunt RF MEMS switch operating at resonance and anal-
ysis relying on a simple equivalent circuit suggests that these new har-
monics are anticipated to also appear at the circuits' output. Therefore, 
this effect should be considered when designing (high-power) RF MEMS 
applications. 
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