
HAL Id: hal-01868745
https://hal.science/hal-01868745

Submitted on 29 Jun 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Dielectric charging phenomena in diamond films used in
RF MEMS capacitive switches: The effect of film

thickness
M. Koutsoureli, A. Zevgolatis, Samuel Saada, Christine Mer-Calfati, L.

Michalas, G. Papaioannou, P. Bergonzo

To cite this version:
M. Koutsoureli, A. Zevgolatis, Samuel Saada, Christine Mer-Calfati, L. Michalas, et al.. Dielectric
charging phenomena in diamond films used in RF MEMS capacitive switches: The effect of film
thickness. Microelectronics Reliability, 2016, 64, pp.660 - 664. �10.1016/j.microrel.2016.07.053�. �hal-
01868745�

https://hal.science/hal-01868745
https://hal.archives-ouvertes.fr


Dielectric charging phenomena in diamond films used in RF 

MEMS capacitive switches: The effect of film thickness 

M. Koutsoureli 
a,⁎

, A. Zevgolatis 
a
, S. Saada 

b
, C. Mer-Calfati 

b
, L. Michalas 

a
, G. Papaioannou 

a
, P. 

Bergonzo 
b
 

a Physics Department, University of Athens, 15784 Panepistimioupolis, Athens, Greece 

b CEA, LIST, Diamond Sensors Lab., F-91191 Gif-sur-Yvette, France 

* Corresponding author. E-mail address: mkoutsoureli@phys.uoa.gr (M. Koutsoureli) 

Abstract 

The present paper aims to provide a better insight to the dielectric charging phenomena of nano-

crystalline diamond (NCD) films that are used in RF MEMS capacitive switches. The electrical 

properties of NCD films of various thicknesses are investigated with the aid of metal-insulator-metal 

(MIM) capacitors. The dominant conduction mechanisms have been identified by obtaining current-

voltage characteristics in the temperature range from 300 K to 400 K and dielectric charging 

phenomena have been investigated by using thermally stimulated depolarization currents (TSDC) 

technique. The experimental results indicate a thermally activated conductivity for low electric field 

intensities while Hill-type conduction takes place for field intensities > 130 kV/cm. The conductivity 

as well as the defect density seems to increase with film thickness. Enhanced dielectric charging 

phenomena have been observed on thicker films and the injected charges are found to be trapped 

through the material's volume. These results indicate that thinner NCD films seem to be more 

promising for RF MEMS capacitive switches. 
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1. Introduction 

RF MEMS capacitive switches have received important research attention over the last years, since 

they offer several advantages over the conventional semiconductor counterparts, but they still suffer 

from reliability issues that hinder their commercialization [1]. Dielectric charging effect is one of the 

most important reliability problems of these switches, since it limits the device lifetime [1], [2]. 

In the dielectric films of MEMS capacitive switches charging takes place during the pull-in state, 

where charges are injected in the film from the metal electrodes under the presence of high electric 

fields (> 1 MV/cm). The discharge process takes place in the pull-up state of the switch, as the injected 

charges are collected from the bottom electrode plate. On the way to mitigate the dielectric charging 

phenomena several different approaches have been proposed, like the introduction of nanostructured 

dielectric films [3], that would exhibit appropriate dielectric permittivity and fast draining of the 

injected charges. 

Diamond in micro-, nano- or ultra-nanocrystalline form has been used in MEMS capacitive switches 

and it has shown promising characteristics [4], [5], [6], [7], [8], [9], [10]. Diamond based RF MEMS 

exhibit satisfactory isolation [4], [5] and quite promising discharging behavior [5], [6], [8], [10]. The 

electrical characteristics of nanocrystalline diamond films for MEMS capacitive switches have been 

investigated [6], [9], [10] and the results have been applied in the modelling of the discharge process 

[10]. 

The conduction on poly/micro/nano/ultra-nanocrystalline diamond films takes place mainly through 

paths associated with the presence of extended defects at the grain boundaries [11]. On the other hand, 

lower conductivity is expected in the grain areas where the crystal quality is high and the defect 

density is smaller [12]. Non-diamond carbon, which is present at the grain boundaries area, forms sp
2
 

bonds while sp
3
 bonds are formed in the crystalline diamond structures at the grain area [13]. More 

specifically it has been reported that the diamond film's electrical properties are directly related to the 

ratio of sp
2
/sp

3
 bonds [14], [15]. 
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According to these, the grain size and the corresponding density of carbon sp
2
 and sp

3
 bonds are 

expected to determine the conductivity and therefore the electrical properties of nanocrystalline 

diamond (NCD) films. Regarding the material quality, it has been reported [14] that the increase of 

film thickness increases the crystalline quality of chemically vapor deposited (CVD) diamond films, 

since the growth process favors the increase of grain size and the decrease of grain boundary network 

[16]. However, Wiora et al. reported in [17] that there is a change of the nature of the grain 

boundaries, from graphitic in the case of larger grains to hydrogen terminated sp
3
 carbon. The 

hydrogen content of NCD films has been found [17], [18] to increase with decreasing grain size 

whereas the sp
2
 carbon content decreases. The conduction mechanisms in NCD films have been 

previously investigated [9], [10], [19], [20], [21], [22] though a correlation of conductivity parameters 

to the diamond film thickness has not been reported up to now, to the best of our knowledge. 

In view of all these the present paper aims to provide a better insight to the effect of film thickness on 

the charge transport mechanisms, normal to film surface, that directly control the dielectric charging 

phenomena of NCD films when they are used in RF MEMS capacitive switches. The transport 

mechanisms of NCD films of various thicknesses have been investigated with the aid of Metal-

Insulator-Metal (MIM) capacitors by monitoring current-voltage (I–V) characteristics at different 

temperatures and the thermally stimulated depolarization current (TSDC) technique has been applied 

in order to investigate the effect of film thickness to the dielectric charging phenomena. 

2. Thermally stimulated depolarization currents (TSDC) method 

Thermally stimulated depolarization currents (TSDC) technique is an efficient tool for investigating 

the relaxation phenomena of dipolar and space charge polarization [23]. In this assessment, a polarized 

sample is heated up to or above the polarization temperature (Tp) with a constant heating rate (β). 

When the half-life of this process becomes comparable to the time scale of the experiment (which is 

determined by the heating rate) discharge becomes measurable and it gives rise to a current measured 

in the external circuit [23]. A current peak is then obtained at a temperature where dipolar 

disorientation and/or carrier release from traps is activated. Taking into account that the total 

polarization usually arises from a combination of several individual effects with various relaxation 

times, a complete picture of the temperature dependent relaxation processes is thus obtained. 

The time and temperature dependence of the dipolar polarization in dielectrics is determined by the 

competition between the orienting action of the polarization field and the randomizing action of 

thermal motions. Assuming an ideal rotational friction model (Debye) for establishing the polarization 

P, the decay of polarization of the dielectric material after the removal of the applied electric field is 

given by: 

               
 

 
   (1) 

where PS is the steady state polarization and τ is the dipolar relaxation time. The current density (JTSDC) 

produced by the progressive decrease in polarization in the course of a TSDC experiment, where time 

and temperature vary simultaneously can be approximated [23] by: 
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where EA is the depolarization mechanism's activation energy and τ0 is the relaxation time at infinite 

temperature. 

The stored charge (σTSDC) collected in the external circuit contributing to dielectric charging can then 

be calculated from the integration over the TSDC spectrum (from T1 to T2): 
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3. Experimental details 

In order to investigate the effect of film thickness on the conduction processes and on dielectric 

charging phenomena of nano-crystalline diamond (NCD) films, metal-insulator-metal (MIM) 

capacitors have been fabricated with 350 nm, 600 nm and 750 nm NCD films. The area of the utilized 

MIM capacitors was 450 × 450 μm
2
. 

The NCD films were deposited by microwave plasma assisted chemical vapor deposition (MPCVD) 

on a TiW/Au/Si 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. A nanoseeding technique has been used to achieve a high nucleation 

density at the early stage of diamond growth in order to form a continuous diamond film. The 

nanoseeding technique that has been applied consists of the deposition of diamond nanocrystals 

dispersed in polyvinyl alcohol (PVA) on a substrate surface by spin coating [24]. Then, the synthesis 

of the NCD films was performed by MPCVD using a mixture of 0.6% methane (CH4) diluted in 

hydrogen (H2). The total pressure and the microwave power during the growth were maintained at 

35 mbar and 900 W, respectively. This induced a substrate temperature of 1023 K. During growth the 

film thickness was monitored by a home-made laser interferometry system [25], which was used to 

stop the experiment at the desired thickness. We mention that all thickness measurements have been 

performed with the aid of spectroscopic ellipsometry using a bilayer model in order to take into 

account the roughness of the film and the measurement error can be estimated < 5%. The deposited 

NCD films have a columnar structure (Fig. 1a) and SEM images indicate that the grain size is 

increased with film thickness (Fig. 1b). 

 

Fig. 1.  

a: SEM image of 600 nm NCD films (cross section) indicating the structure of selective columnar 

growth. 
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b: SEM images of 350 nm and 750 nm NCD films (top view) used in utilized MIM capacitors. 

The dominant conduction mechanisms of NCD films have been investigated by obtaining the current-

voltage (I–V) characteristics in a vacuum cryostat (pressure ~ 10
− 3

 Torr). Acquisition was performed 

with the aid of Keithley 6487 voltage source/picoampere meter, controlled via LabView in order to 

include an appropriately time delay between the application of each bias step and the corresponding 

current measurement and to overcome any transient effects ensuring steady state condition 

measurements (leakage current), in the temperature range from 300 K to 400 K and for field intensities 

up to 200 kV/cm. Apart from these, thermally stimulated depolarization currents (TSDC) technique 

has been applied to our samples in order to investigate dielectric charging phenomena. The TSDC 

current of each sample was measured with the aid of a Keithley 6487 voltage source/picoampere meter 

in the temperature range of 200 K–450 K and a heating rate of 2.5 K/min. Finally, the polarization 

field intensity was 100 kV/cm and the polarization temperature was 450 K. 

4. Results and discussion 

In order to investigate the effect of film thickness on the conduction processes of NCD films we have 

obtained I–V characteristics for temperatures up to 400 K. 

The conductivity σ = J/F is found to increase with film thickness (Fig. 2) and for field intensity levels 

lower than 130 kV/cm it has been found to be thermally activated, with an activation energy (0.6 eV–

0.8 eV) that decreases as the film thickness increases (Fig. 2). This process, for low electric field 

intensities, has been generally attributed to either hopping below room temperature [9], [21] or band 

conduction mechanisms at higher temperatures [21]. 

 

Fig. 2. Arrhenius plot of conductivity plotted for all samples when the applied electric field is 

100 kV/cm. The activation energy of each sample is also presented. 

For field intensities larger than 130 kV/cm and for temperatures larger than 320 K the experimental 

results indicate (Fig. 3) that the conductivity of all samples obeys the Frenkel-Poole conduction as 

modified by Hill when a sufficient overlapping of Coulomb potential occurs [19], [20], [26]. This 

conduction mechanism involves discrete levels (at Ei from the conduction band) whose overlap of the 

Coulombic potentials is sufficient to allow the hopping of carriers from site to site. According to Hill-

type conduction [26] the current density (J) at a given temperature (T) obeys by the following 

relationship: 

                  
  

  
       

   

   
   (4) 

where k is the Boltzmann's constant, e is the electron charge, N is the density of the centers, s is the 

distance separating two centers, v is the attempt to escape frequency and β = e
3/2

(πεε0)
− 1/2

 is the 

Frenkel-Poole constant for the material (ε is the relative permittivity of the material and ε0 is the 
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vacuum permittivity). Finally, Ep is the potential barrier over which the carriers hop from one center to 

another and it is given by: 

       
  

   
  (5) 

 

Fig. 3. Signature plot of Hill conduction for 750 nm NCD films, in agreement to Eq. (6) for different 

electric field intensities.  

From Eq. (4) and taking into account that      
   

    
  at high fields [20] we obtain that: 

 

        
  

  
   (6) 

where the activation energy EA is related to the electric field as:  

      
     

 
. Thus, from the linear variation of EA with F and from Eq. (5) we have deduced the 

values of s and Ei for each sample (Table 1). 

NCD 

film 

thickness 

Field < 130 kV/cm 

Thermal 

activation 

Field > 130 kV/cm 

Hill conduction 
TSDC 

EA [eV] s [nm] N [cm
− 3

] Ei [eV] σTSDC [C/cm
2
] 

350 nm 0.66 ± 0.02 52.3 ± 2.6 (7.0 ± 1.0) × 10
15

 0.84 ± 0.02 (4.71 ± 0.07) × 10
− 6

 

600 nm 0.73 ± 0.02 33.6 ± 0.3 (2.6 ± 0.1) × 10
16

 0.91 ± 0.01 (5.43 ± 0.04) × 10
− 6

 

750 nm 0.82 ± 0.01 28.8 ± 0.5 (4.2 ± 0.2) × 10
16

 0.95 ± 0.01 (7.94 ± 0.06) × 10
− 6

 

Table 1. Electrical characteristics of NCD films obtained from our experimental data. The errors of our 

calculations are also shown. 

Here it must be emphasized that the defect levels in polycrystalline diamond films have been 

intensively investigated [21], [22], [27], [28], [29], [30], since transport processes are strongly affected 

by trapping and detrapping at these levels. Deep defect levels with activation energy of 1 eV [22], 

[28], [29] or 1.5 eV [27], [30] as well as swallower ones with activation energy of 0.3 eV [21], [27], 

[29] and 0.7 eV [21], [27], [28] have been reported on chemically vapor deposited (CVD) diamond 

films and attributed mainly to the presence of non-diamond carbon material at grain boundaries [21], 

[22]. It has been also reported [31] that the e-beam evaporation as a contact deposition technique has a 

strong influence on deep trap filling by free carriers, which results to an increase of carrier drift length 

before trapping. However, carrier release from these traps starts at temperatures higher than 200 °C as 

reported by Hordequin et.al. [31]. In addition, we mention that on RF MEMS switch applications in 
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harsh environment (e.g. over the military) the temperature ranges from − 55 to 125 °C [32] and at 

higher temperatures suitable for bonding (300–400 °C) the membrane (or cantilever) may be displaced 

by ± 1–5 μm thus making the switch unusable [33]. Taking these into consideration, we are led to the 

conclusion that the deep traps of NCD films will be filled as soon as the switch will be actuated and 

the discharge process will take place with the deep traps filled. Thus, the device performance will be 

mainly affected by the charge trapping and emission from the shallower traps and therefore the 

assessment methods used in the present work do not investigate the trapping and detrapping processes 

on deep traps of NCD films. 

The obtained energy levels Ei can be then directly correlated to conduction paths at grain boundaries, 

that correspond to activation energy levels in the range of 0.7–1 eV [21], [22], [27], [28]. The increase 

of NCD film thickness has been found to result in an increase of the energy level Ei (Fig. 4) while the 

mean separation distance (s) between two centers slightly decreases (Table 1). Moreover, assuming 

that the density N of the centers responsible for the conduction is   
 

   [19] we obtain that the 

density N increases with film thickness (Table 1). 

 

Fig. 4. The linear decrease of activation energy EA with field intensity for the utilized NCD films. The 

energy level Ei increases with film thickness. 

It is important to mention that band conduction at low fields as well as Hill conduction at higher fields 

has been previously reported in the literature [9], [10], [19], [20] on diamond films and the obtained 

values for energy levels Ei, for the mean separation distance s and the defect density N are in 

agreement to previously reported values on diamond films [9], [10], [19], [20]. 

As already mentioned, the growth process favors the decrease of grain boundary network [16], which 

implies that the film conductivity as well as the defect density should decrease as the film thickness 

increases, on the contrary to our results. However, it is possible that there is a change of the nature of 

the grain boundaries, from graphitic in the case of larger grains to hydrogen terminated sp
3
 carbon, as 

previously reported by Wiora et al. [17]. Moreover, it has been found [17], [18] that the decrease of 

grain size may also cause an increase of hydrogen content in diamond films and the incorporated 

hydrogen atoms are most likely bonded within the grain boundary region [18]. Taking these into 

account, in the utilized NCD films the decrease of film thickness results to a decrease of grain size and 

a possible change in the nature of grain boundaries (e.g. a decrease of the sp
2
 carbon content due to 

increased hydrogen content) may be responsible for the decrease of defect density and conductivity 

that has been observed. In addition, the fact that the mean hopping distance (in Hill conduction 

mechanism) has been found to decrease as the film thickness increases comes along with the result 

that defect density is found to be larger on thicker films. 

Finally, dielectric charging phenomena have been investigated with the aid of TSDC method. The 

resulting TSDC spectra have an envelope that exhibits Arrhenius-like behavior (Fig. 5) with an 
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activation energy of about 0.8–0.9 eV in all samples. These energy levels are in good agreement with 

previously reported trap levels in diamond films [21], [22], [27], [28], [29], [30]. 

 

Fig. 5. Arrhenius plot of TSDC spectrum for 750 nm NCD films. The inset graph shows the increase 

of total charge density measured in the external circuit during TSDC with film thickness. 

Moreover, it is found that dielectric charging is enhanced as the thickness of NCD films increases 

(inset of Fig. 5 and Table 1), since the total charge density σTSDC measured in the external circuit 

during TSDC has been found to be larger on thicker NCD films. The latter indicates that the injected 

charges are trapped through material's volume and not at the surface of the films, near the metal 

contacts. 

5. Conclusions 

The conduction processes of NCD films that can be used in RF MEMS switches and the effect of film 

thickness on the material's electrical properties have been investigated in this paper. 

The dominant conduction mechanisms have been identified by obtaining current-voltage 

characteristics in the temperature range from 300 K to 400 K and dielectric charging phenomena have 

been investigated by using thermally stimulated depolarization currents (TSDC) technique. The films' 

conductivity has been found to be thermally activated for low electric field intensities while Frenkel-

Poole conduction modified by Hill dominates the conduction process when the electric field becomes 

stronger than 130 kV/cm. The increase of film thickness results to an increase of conductivity, an 

increase of defect density while the energy levels of the traps associated to Hill conduction mechanism 

shift a little deeper in the energy gap of the material. These results have been attributed to a possible 

change on the nature of grain boundaries as the grain size increases, from graphitic in the case of 

larger grains to hydrogen terminated sp
3
 carbon. Finally, TSDC assessment revealed that the injected 

charges are trapped through material's volume, thus dielectric charging is enhanced as the NCD film 

thickness increases. 

Taking into account that in order to increase the reliability of a capacitive RF MEMS switch it is 

important to eliminate dielectric charging effects, the above mentioned conclusions indicate that 

thinner NCD films seems to be more promising for these devices. We also mention that the use of 

thinner NCD films will also improve the switch RF performance, since it will cause an increase of the 

down-state capacitance which results to higher isolation. 
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