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 
Abstract— The paper presents the electrical assessment and 

modeling of the discharge process in RF-MEMS capacitive 

switches with nanocrystalline diamond dielectric film. The 

assessment is performed by taking into account the detailed DC 

electrical characterization of the dielectric film at different 

temperatures with the aid of Metal-Insulator-Metal capacitors 

fabricated on the same die. The model assumes screening of 

trapped charges through carriers that are injected from bottom 

electrode, transported through grain boundaries and 

redistributed across diamond film surface through sp2 state of 

non diamond carbon. Simulated data and experimental results 

are found to be in excellent agreement clearly indicating that 

nanocrystalline diamond can be considered as a MEMS dielectric 

with predictable discharging process. 

 
Index Terms—Diamond, Dielectric Charging, RF MEMS, 

Reliability, Nanostructure 

 

I. INTRODUCTION 

icroelectomechanical Capacitive Switches (MEMS) 

have received important research interest over the last 

two decades mainly due to their successfully incorporation on 

RF applications such as filters and antennas.  Moreover they 

offer several advantages over the conventional semiconductor 

counterparts as low insertion loss, low power consumption and 

high linearity to name a few [1]. Beside that RF MEMS 

switches are still facing reliability issues, with the most 

important one being the charging of the solid dielectric film, 

used to isolate the moving armature from the transmission 

line. The commonly used dielectrics, low temperature 

deposited silicon dioxide and silicon nitride, contain a large 

amount of electrically active defects that may store charges for 

times longer than 104 sec [2]. The stored charges are 

responsible for several undesirable effects such as the shift of 

C-V characteristic, narrowing of pull – in/out windows 
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degradation of CON/COFF ratio and finally device failure due to 

bridge stiction [3] or shift of pull-in voltage beyond the 

actuation one. 

One of the approaches proposed to overcome the reliability 

issues related to dielectric charging is the use of alternative 

dielectric materials, which would exhibit appropriate dielectric 

permittivity, to provide reasonable high ON/OFF ratio, and 

drain fast enough the injected charges to obtain the desired 

device lifetime. In an operating switch, the injected charges 

that stored during actuation can be removed only via the 

bottom electrode during the device pull-up state.  

Among the proposed alternative dielectric materials 

diamond has shown very promising features. Studies 

involving micro/nano crystalline diamond films in MIM 

(Metal-Insulator-Metal) capacitors revealed suitable 

discharging behavior [4,5].  In addition RF MEMS capacitive 

switches with ultra nanocrystalline diamond demonstrated 5-6 

orders of magnitude faster recovery time for the bridge release 

compared to common dielectrics [6]. Moreover the effects of 

accelerated stress on the pull – in voltage of nanocrystalline 

diamond switches are reported to be practically insignificant 

[4]. Finally, MEMS switches have been found to exhibit 

satisfactory RF performance over a wide frequency range 

[7,8].  

However, despite the reported promising results, there has 

been no in depth study of the transport properties and their 

impact on the long term charging and discharging processes in 

MEMS capacitive switches with diamond dielectric [9], thus 

the physics behind these processes are still not fully clarified. 

The present paper aims is to provide a better understanding 

of the physical mechanisms relating the long term discharging 

processes in diamond based RF MEMS capacitive switches 

and transport properties in the nanocrystalline diamond film. 

The study employs MIM capacitors and MEMS capacitive 

switches both fabricated on the same dye. The former are used 

to assess the material electrical properties through the 

temperature dependence of the current-voltage characteristics. 

The discharging processes in MEMS have been monitored 

through the shift of the bias for minimum up state capacitance 

[10].  

The analysis reveals the features of the long term 

discharging through the dielectric film while the results are 

discussed in terms of nanocrystalline material microstructure 
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properties. Finally, taking into account the charge transport in 

the diamond film, the long time discharge process is simulated 

and compared to experimental results. The excellent 

agreement between the experimental and theoretical decay 

indicated that charge transport and screening can considered 

as responsible for the faster discharge in these devices. 

II. CONDUCTION MECHANISMS IN NON CRYSTALLINE 

DIAMOND 

Crystalline diamond in its intrinsic condition is an electrical 

insulator and the only way to increase the conductivity is by 

doping the film during deposition process. The most common 

impurity is Boron that leads to p-type conductivity although 

other impurities have been also implemented [11]. On the 

other hand amorphous diamond like carbon is quite 

conductive. Diamond in poly/micro/nano/ultra nano 

crystalline form is a combination of insulating grains 

separated by non crystalline carbon areas that provide the 

conduction paths along the insulating material and are mainly 

responsible for the film conductivity [12]. From the point of 

view of physics such areas are characterized by the presence 

of extended defects that are responsible for the introduction of 

a large amount of electrically active states and/or zones in the 

forbidden band gap [11]. Therefore the band gap of 

micro/nano crystalline diamond is occupied by a practically 

continuous distribution of states. These are  originated by π 

and π* states associated to sp2 bonds and distributed 

symmetrically around Fermi level, σ and σ* states due to sp3 

distorted bonds located also symmetrically around Fermi level 

at higher energies, thus closer to the band edge, and dangling 

bonds around midgap as presented in fig.20 of [11]. 

 The origin of sp2 bonds are the non diamond carbon 

material located at grain boundaries, in contrast to sp3 bonds 

that are formed by the diamond crystalline structure at the 

grain areas. As it has been experimentally demonstrated the 

film conductivity is determined by the ratio of sp2/sp3 bonded 

carbon while the film structure is usually revealed by the 

characteristic peaks obtained in a Raman spectra [12,13]. 

The electrical charges are able to move across the material 

via the highly conductive sp2 related states even at relatively 

low temperatures or applied fields. In the regime of low 

applied fields and low temperatures the conduction 

mechanism is thermally activated arising from hopping across 

sp2 related states and obeying either Mott’s law or Arrhenius 

dependence with low activation energy around 0.1 – 0.2 eV. 

At higher temperatures the film conductivity is also thermally 

activated. In this case the reported typical activation energies 

usually are in the range of 0.7 – 1 eV or even higher. Such 

activation energies have never been reported on single crystal 

films and therefore are attributed to charges generated by 

thermal activation via gap states associated with sp2 bonds and 

therefore to the non diamond carbon material at grain 

boundaries [14]. The sp2 related states contribute also to 

charge conduction across grains surface. Specifically it has 

been reported that the surface conductivity of grain boundary 

regions is higher than that of grain plane regions, which 

provides experimental evidence that the surface conductivity 

of diamond films is partly depending on the grain boundaries 

and that the local surface conductivity increases with the 

increase in the number of grain boundaries existing in this area 

[15]. 

Moreover, parameters such as deposition conditions and/or 

grain size or grain boundary area and hydrogenation are in 

principle related to the increase/decrease the ration of sp2/sp3 

bonded carbon [13] and therefore affect the film conductivity. 

In addition at high fields and temperatures an additional term 

in conductivity may emerge, which is related to the 

contribution of the conductivity from the grain areas of the 

film [16,17].  

III. EXPERIMENTAL 

The tested devices are bridge type RF MEMS capacitive 

switches with 450 nm nanocrystalline diamond dielectric film. 

The nanocrystalline diamond films has been deposited by 

Microwave Plasma assisted Chemical Vapor Deposition 

(MPCVD) on Si(100)/TiW/Au substrate. Plasma treatments 

were performed in a home made designed MPCVD reactor 

equipped with a 2.45 GHz – 2 kW SAIREM microwave 

generator. The base pressure inside the chamber was about 10-

9 mbar. High nucleation density is needed for the early stage 

of diamond growth in order to form rapidly a continuous 

diamond film. Nanoseeding technique [18], which consists in 

the deposition of diamond nanocrystals by spin coating on the 

substrate, was used to obtain crystal density higher than 1011 

cm-2. Then synthesis of the nanocrystalline diamond film with 

columnar structure was performed by MPCVD with a mixture 

of methane (CH4) at 0.6% diluted in hydrogen (H2). The total 

pressure, total gas flow rate, and microwave power during the 

growth were maintained at 35 mbar, 250sccm, and 900 W 

respectively. During growth the film thickness is monitored by 

a home-made laser interferometry system [19]. This system is 

used to stop the experiment at the desired thickness. The 

surface morphology has been characterized by SEM (Fig. 1) 

and AFM images that reveal the nanocrystalline structure with 

a grain size of about 90nm. 

 

 
(a)                                          (b) 

Fig.1 SEM of nanocrystalline diamond used in both MIM 

capacitors and MEMS capacitive switches, (a) top view and 

(b) and cross section 

 

The MEMS capacitance voltage characteristics have been 

obtained by a Boonton 72B offering fF resolution while the 

applied bias provided by the voltage source of a Keithley 

6487. The discharging processes were monitored by recording 

the shift of the bias for minimum up state capacitance as 

obtained by the continuously recording of the C-V 



characteristics [10] in the up-state. In principle the bias at 

which the up-state capacitance attains minimum (Vmin) is the 

one for which the electrostatic force becomes minimum 

independently of the presence of bridge creep. Assuming that 

the deformation of moving armature in the up-state is minimal 

then the relation between Vmin and the net charge density μψ at 

the surface of the dielectric film is given by [3,10]: 

min

0r

d
V 

 
                             (1) 

The charging was performed by stressing the switch under 

electric field intensities of 600 KV/cm and 1 MV/cm for 300 

sec, which correspond to applied bias of Vpi and 1.6Vpi 

respectively. 

 

 
(a)                                            (b) 

Fig. 2 Diamond MIM capacitors (a) and RF MEMS capacitive 

switches (b) 

  

The current-voltage characteristics of MIM structures, 

which have been fabricated on the same chip in order the 

nanocrystalline diamond film to exhibit the same 

characteristics, have been recorded in the temperature range of 

200 K to 400 K. Finally, all measurements have been 

performed in vacuum after annealing at 140oC, in order to 

minimize any interference from humidity.  

IV. RESULTS AND DISCUSSION 

The charging mechanism in MEMS capacitive switches has 

been shown to occur under the presence of high electric field, 

above pull-in, through Trap-Assisted-Tunneling and charge 

redistribution through different transport mechanisms such as 

the Frenkel-Poole one [20,21,22]. On the other hand the 

discharge process takes place under relatively low electric 

fields, below pull-out, and the injected and trapped charges are 

collected by the bottom electrode through hopping mechanism 

[2]. 

These clearly imply that the in depth analysis of charging 

and discharging mechanisms in MEMS capacitive switches 

requires the understanding of conduction mechanisms in the 

dielectric film, which can only be achieved by assessing both 

MIM capacitors and MEMS capacitive switches.  

A. Assessment of MIM Capacitors 

The current-voltage characteristics of MIM capacitors 

provide information on the conduction mechanisms under the 

presence of low and high electric fields, hence during 

discharging for charge collection and charging for the 

redistribution of injected charges, respectively. The typical 

current voltage characteristics of the diamond MIM capacitors 

recorded in a loop mode are presented for selected 

temperatures in the range of 200 K to 400 K in Fig. 3. 

 
Fig. 3 I-V characteristics of MIM structures have been 

recorded up to 300 KV/cm and in the temperature range of 

200 K  to 400 K. 

 

   The identification of the charge transport mechanisms 

across a dielectric film is obtained from the current voltage 

characteristics and the corresponding signature plots. Typical 

current-voltage characteristic obtained at 300K is presented in 

Fig. 4. 

 
 

Fig. 4 Non linear fitting with Eq. (2) on the experimental data 

confirms hopping conductivity for applied field intensities 

below 100 KV/cm at 300K. 

 

As already mentioned, hopping transport dominates at low 

electric fields. Thus, the hopping conduction equation: 

 

   EEEJ H   exp                      (2) 

 

has been fitted to experimental data of Fig. 4 in the range 0-

100 KV/cm. In Eq. (2) σH is the corresponding hopping 

conductivity, E the applied electric field intensity and α is a 

constant related to material microstructure characteristics [23]. 

As presented in Fig. 4, equation (2) fits well to the 

experimental data for field intensities below 100 KV/cm.   

Although the above presented fitting results provide a 



strong support for hopping conductivity a deeper investigation 

is required in order to conclude on the conduction mechanism 

under low field. This is because the majority of conduction 

mechanisms in dielectrics show an exponential dependence of 

current on the applied electric field [24]. Therefore in order to 

identify the mechanism responsible for the low field transport 

across the diamond film, the current dependence on 

temperature under constant electric field has been also 

investigated [5]. The corresponding signature plot provides a 

stronger support since different exponential conduction 

mechanism obeys different temperature dependences.  In a 

hopping system the current dependence on temperature under 

constant electric field usually obeys the Mott’s law I ~ exp[-

(T0/T)1/4], or exhibits Arrhenius dependence with activation 

energy EA in the range of 0.1 – 0.2 eV for diamond, I ~ exp(-

EA/kT). The latter supports also the contribution of carrier 

thermal generation, which in a disordered material with 

relatively high density of states in the band gap may be present 

even at room temperature. 

 
(a) 

 
(b) 

Fig. 5 Signature plots for hopping conductivity at low fields. 

At lower temperatures the data obey well both Mott’s (a) and 

Arrhenius’ (b) law, both denoting hopping.  

 

The linear regime presented in Fig. 5a denotes that the 

current conduction obeys the Mott’s law, I ~ exp[-(T0/T)1/4] 

for hopping conductivity. Such dependence has been obtained 

in diamond like carbon films [25] denoting that under low 

electric field the conductivity take place through hopping in 

non diamond carbon material located, in the present case, at 

the grain boundaries. In addition the low temperature regime 

can be also fitted by an Arrhenius dependence with activation 

energy E = 0.18 eV as presented in Fig. 5b. Such behavior also 

supports hopping associated at the grain boundaries areas 

[14,26]. Moreover the activation energy obtained for the 

higher temperature regime, E = 0.8 eV is typical of thermal 

generation through gap states associated to non diamond 

carbon material, which is located at grain boundaries [14,27].  

Thus, the low field conductivity in the MIM dielectric films 

is determined by the properties of the amorphous diamond like 

carbon areas surrounding the diamond grains and therefore the 

latter area is expected to have the major role on the 

discharging behavior. 

B. Assessment of RF MEMS switches   

In order to investigate the discharging process in RF MEMS 

capacitive switches, the devices have been stressed under 

electric field intensities of 600 KV/cm, correspond to a 

condition just above pull-in and under 1 MV/cm, which is a 

commonly observed applied field for RF MEMS, for time 

duration of 300 seconds. The net surface charge after each 

stressing cycle has been calculated from the shift of minimum 

up-state capacitance voltage characteristic with respect to the 

non stressed one using Eq. 1. Typical shift caused by stressing 

the MEMS dielectric film is presented in Fig. 6. The 

calculated voltage shift ΔV0 and the corresponding stored 

charge for each stressing field are summarized in Table 1.  

Assuming that the injected charges are confined close to the 

injection electrodes [21,22], the generated field can be 

approximated by:  

minV
E

d
                                      (3) 

In principle, this field intensity determines the discharging 

process during the charge collection through the bottom 

electrode. The charge transport and collection is expected to 

take place through sequential trapping and emission, 

percolation etc that macroscopically obey the stretched 

exponential law.  

 
Fig. 6 Shift of up-state C-V characteristic due to charging.  



TABLE 1. Stored Charge as a function of stressing field 

 

Field Intensity 

(KV/cm) 

ΔV0 (V) Stored charge 

(nC/cm2) 

600 0.9 9.7 

1000 2.2 24 

 

 

In order to get a deeper insight it is essential to take into 

account that the charging process is determined by the film 

microstructure. The space charge results from simultaneous 

actions of charge injection from the metallic electrodes via 

trap assisted tunneling (TAT) and assisted by the field 

emission process in non contacting areas [28,29] and the 

charge redistribution through Poole Frenkel emission of the 

trapped charges under the high electric field (Table 1) during 

actuation. Thus the charge spatial distribution will be 

determined by the density of states at the surface and bulk of 

the dielectric film [21].  

The long term discharging process has been monitored by 

continuous recording of the shift of bias for minimum up state 

capacitance up to 1800 seconds. A typical discharging 

behavior is presenting in following Fig. 7. 

 
Fig.7 Evolution of up-state C-V characteristic during 

discharging process  

 

The experimentally obtained discharging decay for the 

different stressing fields is presented in addition to the 

theoretical calculation based on the proposed model discussed 

in the next session in Fig. 8(a) for stressing field of 600KV/cm 

and in Fig. 8(b) for the case of 1 MV/cm. The analysis 

revealed exponential relaxation (β=1) for the low field case 

and a stretched exponential (β<1) one for the more 

complicated condition that is built up by the higher charging 

field in case of 1 MV/cm. It also important to point out that 

the time constant (τ) obtained by the fitting procedure is in the 

range of 250 sec το 300 sec (Table 2) while in both cases the 

discharging process were practically completed after about 

1000 sec.  Considering that the corresponding discharging 

time for SiNx, which is the typical dielectric material for RF 

MEMS, is at least 10 times longer [2], the latter are quite 

important results supporting the use of diamond films as 

alternative dielectric for RF MEMS. 

C. Modeling and discharging process 

The study of the electrical characteristics of MIM capacitors 

(section A) provides information on the conduction 

mechanisms responsible for the discharging behavior of the 

RF MEMS capacitive switches. Due to the low electric field 

intensity the signature plots of the conductivity are attributed 

to hopping associated with the sp2 bonds located at grain 

boundaries and film surface. Taking these into account as well 

as the conduction mechanism across the surface of grains [15], 

as already mentioned above, a potential mechanism is 

proposed for the fast discharging observed in diamond based 

RF MEMS. The mechanism assumes compensation of trapped 

charges through screening from charges injected from the 

bottom electrode and transported and redistributed across the 

surface through the sp2 states. Such an assumption allows the 

direct use of the parameters of charge transport through 

hopping mechanism. The hopping parameters of Eq. 2 are σH 

= 1.2 x 10 -15 (Scm-1) and a = 5.8 x 10-6 (cm/V) and have been 

extracted from the I-V characteristic of MIM capacitors.  

In a MEMS capacitive switch, the discharge current through 

the insulating film is given by [10]: 

   
 

dt

td
tJ dis


                                  (4) 

Taking into account Eq. (1) and Eq. (3) for the average 

internal electric field in the film, we are led to: 

      tEtE
dt

tdE

r

H  



exp

0

                   (5) 

the integral of which provides a relation between the value of 

electric field E and time during “discharge” through the 

insulating film:  

 

   












tV

V
H

r

tE

E
H

r

d

V
V

dV

EE

dE
t

min

0min,0
min

min

min00

exp
exp 





(6) 

where E0 and Vmin,0 are the initial internal field and bias for 

minimum up-state capacitance respectively, E(t) and Vmin(t) 

are the corresponding values at time t. Here it is important to 

point out that even if the values of E0 and Vmin,0 are not 

experimentally determined, due to delay Δt introduced by the 

experimental setup, Eq. (6) can be still applied taking into 

account that Vmin,0 has to be replaced with Vmin,1, the first 

measured value, and the left hand side term will represent the 

time with offset Δt.  

The simulation of discharge process in a MEMS capacitive 

switch, with nanocrystalline diamond dielectric film, based on 

the proposed model and the data extracted from MIM current-

voltage characteristics is presented in Fig. 8 for stress 

conditions discussed in section B. Moreover, taking into 

account that the discharge process is rather complex, the 

stretched exponential relaxation was also fitted to 

experimental data in order to provide parameters that are 

easily introduced in simulation tools but do not provide insight 

on the physical processes involved.  



  

 
(a) 

 
(b) 

Fig.8 Experimental results with fitting procedure and model 

predictions for the discharging process of MEMS after 

charging with (a) 600 KV/cm and (b) 1 MV/cm 

 

TABLE 2. Fitting results on the experimental data 

 

Charging Field 
 (KV/cm) τ (sec)  β 

600 270 1 

1000 285 0.87 

 

The fitting results, summarized in Table 2, revealed Debye 

relaxation for the lower stress level and a more complex one 

for the higher one.  

Regarding the plots, an excellent agreement between the 

experimental results and the model predictions is obtained in 

case of charging under 600 KV/cm (Fig 8(a)). In case of 

charging under 1 MV/cm (Fig 8(b)) the simulation deviates 

from experimental data which show a slower discharge rate. 

Such behavior may be attributed to contribution of a slower 

discharging mechanism in this case supported also by the 

reduction of β factor in the stretched exponential fitting.  Other 

charging effects that may contribute to this behavior can be 

related to charging due to handling or substrate dielectric 

material charging [30].  

V. CONCLUSIONS 

The mechanisms responsible for the discharging process in 

RF MEMS capacitive switches with nanocrystalline diamond 

dielectric film have been in depth investigated. Metal-

Insulator-Metal capacitors have been employed for the study 

of the dependence of transport mechanisms on electric field 

intensity and temperature. The signature plots obtained from 

the current-voltage characteristics denoted that under low 

electric field intensities the charge transport across the 

nanocrystalline film takes place through hopping across the 
non diamond carbon material located mainly at the grain 

boundaries and film surface. Based on this, a discharge model 

has been proposed which is assumed to rise from 

compensation through screening with charges injected from 

the bottom electrode and transported and redistributed across 

the surface through the sp2 states at grain boundaries.  

Employing the transport parameters obtained from MIM 

capacitors, the proposed model was used to simulate the 

discharge process of MEMS capacitive switches. The 

comparison of the simulation data to experimental ones 

showed excellent agreement for the higher charging levels. 

This is of significant importance because the model allows the 

prediction of recovery of a MEMS capacitive switch with 

nanocrystalline diamond dielectric film. The deviations 

observed at the low charging levels, tails, can be attributed to 

substrate charging. 

 Finally, it is worth mentioning that the discharging 

characteristics as predicted and recorded support the use of 

nanocrystalline diamond as alternative dielectric to enhance 

the lifetime of RF MEMS capacitive switches. 
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