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1. Αντικείμενο της Αναφοράς 
 

Αντικείμενο της παρούσας αναφοράς είναι η καταγραφή των ενεργειών που πραγματοποιήθηκαν καθ’ όλη την 

διάρκεια του έργου για τη διάχυση των αποτελεσμάτων της έρευνας στα πλαίσια της ΕΕ3- Τεχνολογικά 

πρωτόκολλα του έργου ΡΑΝΤΑΡ.  

 

Έχει δημιουργηθεί από την έναρξη του έργου ιστότοπος.  Ο ιστότοπος παρουσιάζει τα προφίλ των εταίρων της 

κοινοπραξίας και τις δράσεις διάχυσης. Η τακτική προώθηση των ειδήσεων και των εκδηλώσεων του έργου γίνεται 

μέσω αυτού, ο οποίος παραμένει ακόμα ενεργός.  

 

Η κοινοπραξία φρόντισε για όλη την διάρκεια του έργου να δημοσιεύονται τα αποτελέσματα σε περιοδικά και να 

ανακοινώνονται σε σημαντικά διεθνή συνέδρια.  

 

Οι δραστηριότητες προβολής του έργου και διάχυσης των αποτελεσμάτων του έργου περιλαμβάνουν και συμμετοχή 

σε εκδηλώσεις "ανοικτής ημέρας", παρουσιάσεις και ομιλίες κατά τη διάρκεια της "Βραδιάς του Ευρωπαίου 

Ερευνητή" και της "Μάθε περισσότερα, γίνε καλύτερος" εκπαιδευτικές δράσεις αφιερωμένες στα σχολεία. Φυλλάδια 

και δελτία θα παρουσιάζουν εκλαϊκευμένα τα αποτελέσματα του έργου στο ευρύ κοινό. 
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A B S T R A C T

The present paper aims to investigate the electrical properties of nanostructured SiNx with embedded (i) CNTs of random orientation, (ii) columnar bunches of
vertically aligned CNTs and (iii) columnar Au nanorods. MIM capacitors were used to assess the effect of dielectric film structure on the electrical properties. The
charge transport mechanism was assessed through current - voltage characteristics and the charge draining efficiency through the top electrode potential decay. In
the case of random oriented CNTs, the transport mechanisms are Frenkel-Poole and field emission at low and high electric fields respectively. In the case of Au
nanorods, the hopping and Frenkel-Poole mechanisms are detected at low and high electric fields respectively. Finally, for vertically aligned CNTs the current-voltage
characteristic is found to follow ohm's law. The discharge rate through the bulk material is found to depend on nanofillers morphology.

1. Introduction

RF-MEMS capacitive switches are promising devices for several
applications, especially in the field of wireless communications. Their
ultra-high linearity, almost zero power consumption, compatibility
with silicon technology and the ability to manage signals close to
hundreds GHz, make them the most prominent candidate to succeed the
conventional semiconductor based switches [1]. In contrary of these
attractive benefits, there are reliability issues, among them the most
severe is dielectric charging, hindering their commercialization as
“component off-the-shelf”. During the devices' operation, specifically
during actuation, charges are injected and trapped inside the dielectric
causing erratic device behavior, which in most cases may lead to stic-
tion and device failure.

In order to mitigate the dielectric charging significant effort has
been paid employing various composition SiNx [2–4]. In all cases the
dielectric film has been extensively studied aiming to control its elec-
trical properties considering that beyond the percolation threshold,
xc= 1.0, the SieSi bonds fail to form continuous percolation paths
across the network [5]. The intensive study of Si-rich material [6–8] led
to better understanding of SiNx electrical properties but still did not
provide solution to the persisting problem of dielectric charging.

In a MEMS capacitive switch during up-state the stored charge can
only be drained through the bottom electrode, so the ability to quickly
remove the injected and trapped charge is essential. In order to enhance
this process the first devices with nanostructured dielectric film, with

carbon nanotubes (CNTs) embedded in the upper part of the SiNx film
was presented by C. Bordas et al. in [9] where they demonstrated that
the presence of CNTs improves the device reliability. Considering the
effect of percolation and the variable length tunneling taking place in
nanostructured dielectrics, their impact on charging mitigation has
been discussed in [10].

The present paper aims to investigate, for the first time, the elec-
trical properties of nanostructured SiNx that has been fabricated with
different techniques, by embedding (i) CNTs with random orientations,
(ii) columnar bunches of aligned CNTs and (iii) columnar Au nanorods.
In all cases, the dielectric film has the same thickness and the deposition
was performed in two steps of equal thickness where the bottom film
was nanostructured. Metal-Insulator-Metal (MIM) capacitors and MEMS
capacitive switches were used to assess the effect of dielectric film
structure on the electrical properties. The charge transport mechanism
was assessed through current - voltage characteristics and the charge
draining efficiency through the top electrode potential decay.

2. Experimental data

As already mentioned, MIM capacitors with three different nanos-
tructured dielectrics were fabricated in order to assess dependence of
the electrical properties on the material structure. The details of na-
nostructured dielectric films fabrication is presented below:
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2.1. Randomly oriented CNTs

The first group of devices consisted of MIM capacitors with SiNx
with embedded CNTs in random orientations (Fig. 1a). The MIM ca-
pacitors have symmetrical metal contacts (Au/Pt/dielectric film/Pt/Au)
in order to avoid insulator-contacts work function differences and
contact area of 1mm diameter. The dielectric film total thickness was
200 nm SiNx with embedded CNTs in the lower 100 nm film, detailed
description presented in [11].

2.2. Vertically aligned CNTs

The devices of this group were fabricated on High-Resistivity (HR)
silicon substrates. After the bottom contact deposition, TiN barrier pads
were patterned by e-beam lithography, in order to prevent the diffusion
of Ni, which was deposited after this step. The CNTs growth was carried
out by the CNT CVD equipment – Black Magic by Axitron, where the
feeding gases were chosen to be NH3 and C2H2 [12]. The growth of
CNTs lasted 15min at 650 °C with 650 V plasma voltage. The next step
was the consecutive deposition of SiNx of total thickness of 200 nm
taking place in two steps, where the process stopped for the removal of
uncovered CNTs edges by plasma etching. The produced CNTs bunches
had 100 nm height, the bunch diameter of 500 nm and 5 μm spacing
between them which provide a direct comparison with the perspective
samples of Au nanorods with the same dimensions (Fig. 1c). The MIM
capacitors used had an area of 480x480μm2.

2.3. Au nanorods

The last group of dielectric material used in present work was

fabricated in practically three steps. A 100 nm SiNx layer was deposited
with HF (13.56MHz) PECVD method at 200 °C on bottom contact (CPW
line for MEMS switches), which was deposited on SiO2/high resistivity
Si substrate. Holes with diameter of 500 nm were opened in the SiNx
film and 100 nm Au nanorods were grown directly on the bottom
contact. Finally, the nanostructured dielectric was covered with 100 nm
PECVD SiNx (HF PECVD at 200 °C). The nanorods spacing was 5 μm and
the capacitors area was also 480x480um2, shown in Fig. 1b.

The MIM capacitors were assessed with current-voltage (I–V)
characteristics in vacuum at 300 K with the aid of a Keithley 6487
source-meter/electrometer. The top electrode applied voltage was al-
ways positive to ensure electron injection from bottom electrode
through the nanostructured film. The SiNx composition =x N

Si for both
CNTs bunches and Au nanorods was estimated to x=1.25 while the
randomly oriented CNTs base SiNx composition was found x= 1.22
[13].

The discharging process through the bulk material has been in-
vestigated with the aid of a single-point Kelvin Probe system [14], at
room temperature and at ambient conditions. A polarization field with
intensity of 1MV/cm has been applied for 20min and the discharging
process was monitored for 105 s. The charging conditions for MEMS
with randomly oriented CNTs and Au nanorods where set to 2MV/cm
for 40min and 1.5MV/cm for 5min respectively. The discharge process
in MEMS capacitive switches has been monitored through the shift of
up-state CeV characteristic towards pre-stress equilibrium.

3. Theoretical background

The introduction of nanostructured dielectric films in MEMS capa-
citive switches, although shown to provide better device performance

Fig. 1. (a) Schematic of MIM capacitors with randomly oriented CNTs, (b) Schematic of MIM capacitor with Au nanorods, (c) SEM photo of the bunches of vertically
aligned CNTs.
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[9], has not been studied in depth. As already mentioned, the increase
of charge draining through percolation has been discussed in [10] and
initial assessment results of field emission in MEMS dielectric films with
randomly oriented CNTs were demonstrated in [11,15].

In a nanostructured dielectric the measured current has to consider
the basic charge transport mechanisms contributing through parallel
paths [16]:

= + +J J J J1 2 3 (1)

where

=J C Fexp
q
kT

exp qFr
kT

r
a

exp1 1
1

(2)

=
( )

J C Fexp
q

kT

qF

2 2

2 d0

1
2

(3)

=J C F exp E
F3 3

2 3
(4)

In this model J1 is the hopping mechanism current, J2 the con-
tribution of Poole - Frenkel conduction and J3 the Fowler – Nordheim
(FeN) tunneling current, where C1, C2, C3 are constants, qφ1, qφ2 the
barrier height for each mechanism and α a constant that in most cases
equals to Bohr radius.

In order to understand the impact of top layer on field emission it is
essential to bear in mind that the coating of field emitters with a thin
layer of certain wide band gap materials initially enhances emissivity.
Increasing the thickness of the wide band gap material beyond a critical
point, the emissivity of the coated emitter falls below that of the un-
coated emitter [17,18]. Thus, the electrons can escape from the SiNx
surface to a vacuum with greater ease than from the pristine CNT
surface to a vacuum since the electron affinity of SiNx (~2 eV [19]) is
lower than the work function of the CNTs ranging from 4.5 eV [20] to
5 eV [21].

For uncoated nanowires, Y. Chen et al., [17] have demonstrated that
field emission may occur in vacuum for different CNT orientations.
Extracting the data from Fig. 4 of [17] we present in Fig. 2 the Fowler-
Nordheim plot which shows that for the parallel to substrate CNTs the
field enhancement factor is larger.

4. Results and discussion

In MIM capacitors charge injection takes place under homogenous

electric field, generated from the parallel metal electrodes. However,
the presence of nanoparticles in the lower half of dielectric films, used
in this work, distorts the field homogeneity and the injected charges
distribution.

In order to investigate the electrical properties of utilized nanos-
tructured films MIM capacitors the results are separately discussed.Fig. 2. FeN plot for CNTs for different orientations.

Data obtained from Fig. 4 of [17].

Fig. 3. (a) Ascending J-F characteristic, (b) Poole-Frenkel signature up to
250 kV/cm and (c) FeN plot in the range of 0.35-2MV/cm of the randomly
oriented CNTs films.
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4.1. Assessment of randomly oriented CNTs

4.1.1. MIM capacitors
Fig. 3(a) shows a typical current-voltage characteristic obtained by

applying fields up to 1.5MV/cm. The analysis of the ascending branch
reveals the presence of field emission process arising from different
sources. Particularly, for the ascend branch and for relatively low
electric fields, up to 250 kV/cm, the contribution of Poole-Frenkel
mechanism appears to be dominant Fig. 3(b). As applied bias increases
a transition to field emission is observed, where the measured current
increases rapidly Fig. 3(c). The non-continuous behavior of the FeN
process has to be attributed to breakdown and CNTs loss [22] followed
by contribution from CNTs with different field enhancement factor and
emitting effective area.

These results clearly show the simultaneous presence of the two
charge transport mechanisms while the hopping that was not detected
cannot be excluded.

4.1.2. MEMS capacitive switches
Fig. 4 shows the shift of Vmin during the discharging process of

MEMS capacitive switches with randomly oriented CNTs. Further in-
formation about the device structure and experimental details can be
found in [15]. In the later work, reference SiNx was compared with the
nanostructured one and was found that MEMS switches with embedded
randomly oriented CNTs provide faster discharging by an amount of
25%. The reported behavior was directly attributed to the presence of
CNTs and the field-emission process, which also takes place during
discharging. Furthermore, in the present work it is shown that due to
the high electric fields generated by the CNTs the Poole-Frenkel me-
chanism also arises, thus the contribution of the combined transport
mechanisms will provide faster charge draining from the bottom elec-
trode.

4.2. Assessment of vertically aligned CNTs

The current-voltage characteristics in these nanostructured di-
electrics show a different behavior. Primarily, no field emission is been
observed (Fig. 5). The absence or very low field emission can be at-
tributed to the electrostatic screening effect arising from the proximity
of neighboring tubes and the large CNTs bunches diameter (500 nm)
compared to their uniform length (100 nm) [23]. Calculations have
shown that to minimize the screening effect the individual emitters
should be evenly separated so that their spacing is greater than their
height [24]. Furthermore, considering the fact that the nanotubes are
close packed grown in bunches of 500 nm diameter, which corresponds

to about 0.8% of the cell of dimension of 5 μm×5 μm, we arrive to the
conclusion that the measured current will arise from two regions, the
empty of CNTs area with a field intensity of E and the bunch top area
where the field is 2E, behaving like nanorods with properties described
in [25].

The current-voltage characteristic (Fig. 5) does not comply with
hopping or Frenkel-Poole mechanism. Instead of this, it exhibits a very
good agreement with ohms law. Such a behavior although not en-
countered in silicon-nitride, it may not be excluded for the case of bulk
limited conduction [26] in the presence of even a small number of
carriers excited in the conduction or valence band. Ohmic like con-
ductivity can be also obtained when hopping conduction occurs with
very small hopping distance r although there are no evidences of such
condition. Although not observed in the case of random oriented CNTs,
this behavior has to be attributed to the presence of the vertically
aligned CNTs and the SiNx deposition process. The same behavior is
observed at elevated temperature (360 K). The fact that the con-
ductivity increases with temperature leads to the conclusion that the
mechanism is thermally activated. Based on these results we are led to
the conclusion that further investigation is required for the under-
standing of transport mechanism and the possible implementation on
charging mitigation.

4.3. Assessment of Au nanorods

4.3.1. MIM capacitors
As already mentioned above, the presence of nanorods modify the

distribution of the electric field intensity at the top interface of the MIM
capacitors and the value of (Ez) is determined by the height, diameter,
spacing of the nanorods and the thickness of the overlaying dielectric
film. Ιn [25] a comparison between nanostructured nanorods of dif-
ferent spacing and diameters revealed that the interference of neigh-
boring nanorods is negligible when the spacing extends over an area of
about 400–500 nm from the center of each nanorod. This conclusion
practically means that for the nanostructured material used in the
present work with diameter of 500 nm and 5 μm spacing, the impact of
the fringing field will be almost negligible. Hence, the current will be
determined by both the local field intensity, the charge injection and
the dominant transport mechanisms. Fig. 6 shows a typical current-
voltage characteristic for electric fields up to 1MV/cm.

In SiNx the basic transport mechanisms, in absence of any con-
tribution from field emission, are the hopping (Eq. (2)) and Frenkel-
Poole (Eq. (3)). The first is usually encountered in low fields regime
while the second in high fields regime. In such a dielectric film where
the electric field intensity is not uniform, we assumed that Eq. (1)

Fig. 4. Shift of Vmin during discharging of the MEMS switches with randomly
oriented CNTs.
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Fig. 5. Current-Voltage characteristic in MIM capacitors with vertically aligned
CNT batches for different temperatures.
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contains only two terms and fitted the sum to experimentally obtained
I-V characteristic (Fig. 6). Here it must be pointed out that the fitting
results cannot be directly used to extract information on material
properties but in contrary provides information on the physics on the
charge transport processes in such a nanostructured dielectric film.

4.3.2. MEMS capacitive switches
Fig. 7 shows the shift of Vmin during discharging of the MEMS

switches with Au nanorods. In [25], a detailed comparison between the
reference SiNx and nanostructured films with Au nanorods of different
diameters and spacings revealed that discharging process in MEMS
switches is almost 17% faster, a behavior that may attributed to the fact
that Poole-Frenkel mechanism arises from relatively low electric field
intensities.

4.4. Kelvin probe assessment

The decay of surface potential in a charged capacitive MEMS di-
electric film and the top electrode in a charged MIM capacitor provide
the information on the discharge process of dielectric film when the
MEMS bridge is in up-state. In the present work the decay of surface
potential is assessed with the aid of a single-point Kelvin Probe system
[14], at room temperature and at ambient conditions. The method si-
mulates the discharge process in a MEMS capacitive switch when the
bridge can be still restored in the up-state. The results are presented in
Fig. 8a for the random oriented CNTs and in Fig. 8b for the vertically

aligned CNTs and Au nanorods that occupy only about 0.8% of na-
nostructure unit cell of 5 μm×5 μm. The data of the corresponding
reference materials are also included in each figure. Finally, the plots
were normalized to initial potential in order to facilitate the comparison
of the impact of the nanostructured material in the discharge process,
which obviously increases the decay rate in these materials.

5. Conclusions

The electrical properties of SiNx with embedded CNTs, of random
orientation or vertically aligned bunches, and Au nanorods have been
investigated. It is found that the electrical properties are significantly
affected by both the embedded nanofiller and the orientation. Thus, in
the case of random oriented CNTs the transport mechanisms are
Frenkel-Poole and field emission at low and high electric fields re-
spectively. In the case of Au nanorods, the hopping and Frenkel-Poole
mechanisms are detected at low and high electric fields respectively.
Finally, for vertically aligned CNTs the current-voltage characteristic is
found to follow ohm's law, leading to the conclusion that this material
requires further investigation. The discharge rate through the bulk
material is found to increase with the addition of nanofillers. It is im-
portant to notice that the discharge rate depends on the host material
deposition conditions and the organization of the nanofillers.
Furthermore, it is important to notice that for the vertically aligned
nanostructures their density plays a crucial role on the discharge pro-
cess. Moreover, for the vertically aligned bunches of CNTs the screening
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Fig. 6. Current-Voltage characteristic of Au nanorods MIMs. Fitted with the
sum of hopping (Eq. (2)) and Poole-Frenkel (Eq. (3)).

-4 -3 -2 -1 0 1 2 3 4
1,005

1,010

1,015

1,020

]
F

p[
C

V    [V]

Shift of V
min

Charging 1,5MV/cm for 5min

Fig. 7. Shift of Vmin during discharging of the MEMS switches with Au na-
norods.

100 101 102 103 104

0,0

0,2

0,4

0,6

0,8

1,0 SiN REF
  SiN-CNTs
 Fit)0(s

U/)t(s
U

t      [s]

(a)

100 101 102 103 104 105 106
0,0

0,2

0,4

0,6

0,8

1,0

Au Nanorods
 CNT
 REF

)0(s
U/)t(s

U

t    [s]

(b)

Fig. 8. Normalized surface potential decay with respect to the reference ma-
terial for (a) randomly oriented CNTs, (b) vertically aligned CNTs and Au na-
norods.

D. Birmpiliotis, et al. Microelectronics Reliability 100–101 (2019) 113360

5



effect does not allow the manifestation of field emission and therefore
the benefits of isolated CNTs. Considering the thermal stress on Si
substrate during CNTs growth and the potential presence of thermal
donors in the substrate we are led to the conclusion that all proposed
nanostructured materials can be implemented in MEMS with the ran-
domly orientated CNTs representing the lower cost and easy optimi-
zation followed by the higher cost Au nanorods reinforced material. The
vertically aligned CNT bunches requires rigorous optimization in both
the growth temperature and the understanding the resulting material
electrical properties.
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A B S T R A C T

In the present work, we investigate thermally activated processes in nanostructured SiNx films with embedded
CNTs, which can be used in RF MEMS capacitive switches. Nanostructured films have been fabricated with a
simple process, in order to incorporate CNTs on the lower SiNx layer and a reference SiNx material has been also
fabricated with the same method (without CNTs), in order to compare the properties of the nanostructured films
with the pristine material. Thermally stimulated depolarization currents (TSDC) assessment and a single-point
Kelvin Probe (KP) system have been used in MIM capacitors, in order to investigate the electrical properties of
the utilized films.

The nanostructured material is found to exhibit lower charging and smaller discharging time, which makes it
a promising candidate for RF MEMS capacitive switches. Thermally activated discharging mechanisms have
been identified and the presence of CNTs is found to diminish a discharging mechanism with a characteristic
time larger than five days at room temperature. Different discharging mechanisms are identified and dis-
tinguished for the first time, to the best of our knowledge, between a reference and a nanostructured SiNx

dielectric film. Charge displacement in the bulk material during discharge takes place through hopping processes
and larger mean hopping distance and zero field conductivity has been found in the nanostructured films. The
reduction of the discharge characteristic time and the simultaneous suppression of trapping centers in the films
with embedded CNTs indicate a direct relation between the macroscopic electrical properties and the micro-
scopic defects in the dielectric material.

1. Introduction

RF MEMS (Radio-Frequency Micro-Electro-Mechanical-System) ca-
pacitive switches are promising devices for several applications, since
they possess many benefits over conventional electronics switches [1],
but they have not yet reached commercialization due to reliability
problems [1]. The use of nanocomposite dielectric films has been pro-
posed as a solution to eliminate dielectric charging [2–6], a persistent
reliability issue of these devices [1,7,8]. Especially, the use of nanos-
tructured silicon nitride (SiNx) dielectric films seems to be quite pro-
mising. In order to increase the charge draining through the bottom
electrode C. Bordas et al. [2] deposited a two layer SiNx, the top of
which included carbon nanotubes (CNTs) of various concentrations.
The paper reported a huge increase of the dielectric material “Figure of
Merit” with increasing the CNTs concentration. The latter was trans-
lated into a several orders of magnitude improvement of the MEMS
lifetime [2]. Moreover, the effect of CNTs geometry on tunneling

assisted electrical network in nanocomposites has been presented in
[6,9]. The electrical properties of SiNx films with gold nanorod arrays
and the performance of MEMS capacitive switches with these films has
been in depth analyzed in [3,10,11].

Considering the fact that the charging and discharging are thermally
activated processes [12–15], the present work aims to provide a better
insight on the electrical properties of nanostructured SiNx films with
embedded CNTs, by studying the effect of temperature on the dis-
charging processes through the bulk material and through the injecting
contacts. Reference SiNx films have been also fabricated and tested in
order to compare their characteristics with the nanostructured material.
The experimental results revealed a significant decrease of the dis-
charging time in the nanostructured material and the suppression of a
charging contribution which exhibits a characteristic time, at room
temperature, similar to the discharging time constant of the reference
material. Finally, the presence of CNTs are found to alter the percola-
tion paths by increasing the mean hopping distance and the zero field
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conductivity in the nanostructured films.

2. Theoretical background

2.1. Charging process

The charging of SiNx films in a MIM (Metal-Insulator-Metal) capa-
citor is achieved when an electric field is applied across the metal
electrodes and it takes place through two basic processes [16–18]:

i) Trap Assisted Tunneling (TAT) which is responsible for charge in-
jection from the metal electrodes into the dielectric film and

ii) Poole-Frenkel mechanism that dominates charge redistribution in
the bulk of the dielectric material. This mechanism appears on
condition that the applied electric field is strong while for low
electric fields charge transport in the bulk material is expected to
take place through the hopping mechanism [19].

TAT current is generated by carriers in the metal electrode, which
are transferred to dielectric traps by the tunneling effect (Fig. 1a). The
TAT current density can be written as [20]:

∫ ∫= ∙ − ∙ ∙ ∙ ∙
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where e is the electronic charge, L is the thickness of the dielectric film,
x and Et are respectively the spatial location away from the electrode
into the dielectric and the energy level of the trap measured down from
the conduction band edge of the dielectric at x = 0. N(x,Et) is the trap
distribution function in the presence of an electric field F and it is in
units of per unit volume per unit energy. Parameter τ is given by:
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tion times, related to electron capture cross section, m is the electronic
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, with kB being the Boltzmann's constant, T the

temperature and EF the Fermi energy of the metal electrode.
The Poole-Frenkel effect, or field-assisted thermal ionization, is the

lowering of a Coulombic potential barrier when it interacts with an
electric field, as shown in Fig. 1b. The current density of this me-
chanism is given by [21]:
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where σPF is the Poole-Frenkel conductivity, Et is the trap energy, F is
the intensity of the electric field, ε0 is vacuum permittivity and εr is the

dielectric constant.

2.2. Discharging process

The discharging process of SiNx films that are used in RF MEMS
capacitive switches usually takes place under the presence of low
electric fields [3,22], where hopping dominates charge transport.

Hopping conduction is due to the tunneling effect of trapped elec-
trons “hopping” from one trap site to another in dielectric films
[23–27]. According to the calculations of R. M. Hill [24] as well as M.
Pollak and I. Riess [26], in the case of moderate electric fields (i.e. when

<F k T
ae

2 B , where α is the Bohr radius of the localized states), the ex-
pression of hopping conduction is:
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k T
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where Jhop is the current density, F is the electric field and rm is the
mean hopping length on the percolation paths. G is a constant, the
value of which was determined to be 0.17 by M. Pollak and I. Riess [26]
and 0.85 by R. M. Hill [24], a difference that can be attributed to dif-
ferent percolation procedures followed in each work. Parameter σH
represents zero field conductivity, which is proportional to mean hop-
ping length according to [27,28].

In a MIM capacitor, the surface potential (US) of the top electrode at
time t can be written in the form:

= = ∙U t Q t
C

d
ε ε

σ t( ) ( ) ( )S
r 0 (4)

where C represents the capacitance, d is the film thickness, Q and σ
represent the charge and the charge density respectively of the image
charges that appear in the plates of the capacitor. According to these,
the average net discharge current density is given by:
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Thus, when hopping dominates the discharging process, the current
Jdisch will be equal to Jhop and taking into account Eqs. (3) and (5), we
obtain the following expression:
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which associates the discharging time with the value of surface po-
tential.

3. Experimental details

A simple fabrication process has been adopted for the deposition of
both the nanostructured and reference films. The SiNx films were grown

Fig. 1. (a) TAT injection [18] and (b) Mechanism of Poole-Frenkel effect [21].
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with high frequency (13.5 MHz) Plasma Enhanced Chemical Vapor
Deposition (PECVD) method under a substrate temperature of 300 °C.
The deposition procedure was performed in two steps simultaneously,
for both the nanostructured (SiNx/CNTs) and reference (REF) materials,
a block diagram is shown in Fig. 2a. CNTs with 1 nm diameter and a
length of 2-3 μm was first deposited over the bottom Pt/Au electrode,
by using a spinner at a frequency of 1000 rpm. The CNTs were em-
bedded in a first SiNx layer, of 100 nm thickness, deposited by PECVD,
aiming to improve the charge draining by the bottom electrode. Oxygen
plasma was then performed by reactive ion etching, in order to shorten
CNTs that protruded the first SiNx layer. Finally, the deposition of a
second 100 nm SiNx layer on top took place by PECVD (Fig. 2b) to
increase the breakdown voltage and the top Pt/Au electrode has been
deposited. We mention that since the length of the incorporated CNTs is
larger than the thickness of the first 100 nm SiNx layer, the CNTs are
expected to be distributed with random orientation in this layer. In
addition, we state that the density of CNTs in the nanostructured film
was 3CNTs number

μm10 2 .
The material assessment was performed with symmetrical metal

contacts (Pt/Au) MIM capacitors. The bottom contact was common for
all capacitors while the top one had 1 mm diameter and the thickness of
the dielectric film was 200 nm (Fig. 2b). The diameter of top contact
was much larger than the film thickness, in order to minimize the effect
of lateral charge diffusion.

A single-point Kelvin Probe (KP020) [29] system has been used to
monitor the decay of top electrode potential during discharge at dif-
ferent temperatures (300 K – 400 K). The potential decay was mon-
itored for a time length up to several days, while charging was per-
formed by applying an electric field of 1MV/cm for 20 min at each
temperature.

Thermally stimulated depolarization currents (TSDC) technique has
been also used in order to investigate thermally activated mechanisms
in the films. The TSDC method allows the monitoring and analysis of
contributing thermally activated charging mechanisms, although the
trapped charges are collected by the injecting electrodes [30]. Thus, by
ramping temperature the TSDC method allows the observation of very
slow charging mechanisms, non-observable at room temperature
through isothermal discharge currents. The TSDC current has been
measured with the aid of a Keithley 6487 voltage source – picoampere
meter by ramping temperature from 200 K to 450 K, with a heating rate
of 2.5 K/min. In the case of TSDC assessment, the charging field was
1MV/cm and it was applied at 450 K for 20 min.

It is important to state that during all experiments the charging level
was maintained low in order to understand the dependence of the
discharging process on the material properties and prevent device de-
gradation arising from high charging levels.

4. Results and discussion

The discharge process has been investigated with the aid of KP
method at different temperatures, in order to examine thermally acti-
vated processes. The use of MIM capacitors screens any non-uniform
charge distribution due to the presence of the top electrode, and the top
electrode potential arises from a uniform charge distribution that is
practically the same with the mean charge density calculated from the
bias shift of up-state C-V characteristic minimum in RF MEMS capaci-
tive switches [31].

KP measurements, performed at 300 K for both REF and SiNx/CNTs
materials, revealed that nanostructured films exhibit a much faster
discharge process (Fig. 3), since the calculated characteristic dischar-
ging time is almost two orders of magnitude smaller than the corre-
sponding time of REF films, a result that comes along with our previous
work presented in [4].

The decay of surface potential has been found to obey a stretched
exponential law of the form:

= ∙ ⎡
⎣⎢

−⎛
⎝

⎞
⎠

⎤
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U t U exp t
τ

( )S S

β

,0
(7)

where US,0 is the surface potential immediately after charging (i.e. at
t = 0 s), τ is the characteristic time of the discharging process and β is
the stretched exponential factor, with 0 < β < 1. The stretched-ex-
ponential or Kohlrausch-Williams-Watts function, described by Eq. (7),
has been widely used in the description of a large variety of relaxation
phenomena in condensed matter physics [32], providing a macroscopic
description of the relaxation of many physical complex systems.

Fig. 2. (a) The steps of the deposition process for the nanostructured dielectric films and (b) a schematic of utilized MIM capacitors with nanostructured film.

Fig. 3. Normalized values of surface potential decay during discharge, for
samples with REF SiNx and SiNx/CNTs films, measured with KP system at
300 K. Fitting performed with Eq. (7).
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The acceleration of the discharging process in SiNx/CNTs films is
due to the presence of CNTs that are embedded in the lower half and are
expected to assist the charge drain towards the bottom metal contact.
Moreover, due to the random orientation of CNTs, there will be larger
“variety” of charges' conduction paths during discharge. All these could
explain the smaller value of parameter β (Fig. 3) on the nanostructured
material, which implies a larger degree of complexity on the discharge
process in this system. Finally, the value of US,0 is found to be smaller in
nanostructured films, for the same charging conditions, which implies
that charging is expected to be lower in these films.

The discharge process through the bulk material has been also found
to be thermally activated (Fig. 4), with the characteristic discharging
time following Fröhlich law [30]:

⎜ ⎟= ∙ ⎛
⎝

⎞
⎠

τ τ exp E
k T

A

B
0

(8)

where τ0 = 9.4 × 10−4s is the characteristic time at infinite tem-
perature (τ0−1 is the characteristic frequency factor and is related to the
vibrational frequency of the material) and EA = 0.37 eV is the activa-
tion energy in the nanostructured material. On the reference material,
likewise, it has been found that τ0 = 3 × 10−4s and EA = 0.53 eV.

An additional approach has been adopted in order to gain a better
insight on the mechanism of charge transport through the bulk material
of the utilized dielectric films, by assuming hopping transport and si-
mulating the decay with Eq. (6) (Fig. 5). The value of surface potential

during discharge, measured with KP system at each temperature on
SiNx/CNTs films, was smaller than 5 V (e.g. see values of US,0 at Fig. 3),
a value that corresponds to an electric field lower than 500 kV/cm, fact
that justifies the assumption of hopping conduction. Hopping transport
in the discharge process has been also reported in PECVD SiNx films for
RF MEMS capacitive switches by Koutsoureli et al. in [3,33].

Fig. 5 shows safisfactory results obtained from fitting the experi-
mental data with Eq. (6) for samples with REF and SiNx/CNTs films,
fact that implies that hopping is the dominant conduction mechanism
during discharge in both films. It is important to mention that the CNTs
presence will generate larger average charging field intensity in the
nanostructured films than in the reference material, although the same
electric field is applied across the metal electrodes of MIM samples
during charging. This is expected to affect the distribution of the in-
jected charges, according to theoretical models proposed in [16–18],
since as the intensity of the electric field increases the centroid of the
injected charge distribution is shifted deeper in the film. The latter,
with the simultaneous presence of CNTs on the lower half of the na-
nostructured films, is expected to generate a stronger electric field
during discharge, which arises from the trapped charges. This is ex-
pected to alter the percolation paths of the discharging process between
nanostructured and reference materials, according to Pollak and Riess
[26], fact that is confirmed from the fitting of the experimental data
with Eq. (6), which showed that the nanostructured material exhibits a
larger value of parameter L ≡ Grm and larger zero field conductivity,
σH.

On the following, thermally activated discharging mechanisms have
been further investigated with the aid of TSDC method. TSDC spectra of
nanostructured and REF materials are shown in Fig. 6. Taking into
account that 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 by [30]:
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where Tp is the polarization temperature, γ is the heating rate and PS the
steady state polarization, we have fitted the experimental data with Eq.
(9), assuming that there are two major contributing discharging me-
chanisms. It has been then found that in SiNx/CNTs films the first
mechanism has an activation energy of EA,1 = 0.25 eV and the second
one has EA,2 = 0.30 eV (Fig. 6). For REF material, the corresponding
values of each mechanism (inset of Fig. 6) are E΄A,1 = 0.18 eV and
E΄A,2 = 0.31 eV. Thus, the presence of CNTs seems to influence mainly
the first mechanism, which appears on the high temperature region.

In addition, the total charge density collected in the external circuit

Fig. 4. Normalized values of surface potential decay during discharge, for
samples with SiNx/CNTs films, measured with KP system at various tempera-
tures and fitting of experimental data with Eq. (7) (lines in the figure). Inset:
Arrhenius plot of the characteristic time for the discharge process.

Fig. 5. Fitting of normalized values of surface potential decay at 300 K, using
Eq. (6), on SiNx/CNTs and SiNx REF films. Fitting parameters are also shown.

Fig. 6. TSDC spectrum of MIM with SiNx/CNTs film and its analysis with two
contributing discharging mechanisms, using Eq. (9). Inset: Analysis of TSDC
spectrum for REF material.

M. Koutsoureli, et al. Microelectronic Engineering 223 (2020) 111230

4



during temperature scan (from T1 = 200 K to T2 = 440 K) was cal-
culated by integration over the TSDC spectra [30]:

∫=σ
γ

J T dT1 ( )TSDC Τ

Τ
TSDC

1

2

(10)

and found equal to 1.02 × 10−7C/cm2 and 1.25 × 10−7C/cm2 for
SiNx/CNTs and REF films respectively, i.e. there is 8% decrease in na-
nostructured films. This behavior can be attributed to the fact that the
average value of the electric field during charging is expected to be
larger in SiNx/CNTs material, as already mentioned. Thus, there will be
an enhancement of charge redistribution in the bulk of nanostructured
films through Poole-Frenkel processes, which shifts the centroid of the
injected charge distribution deeper in the films and translates to lower
dielectric charging.

On the following, in order to have a clearer view on the effect of
CNTs in the nanostructured material, we compared TSDC spectra in
REF and SiNx/CNTs films. We have thus determined the difference
between the measured discharging current on REF material and the
corresponding values on SiNx/CNTs material. As it is shown on Fig. 7,
there is a discrete discharging mechanism in REF material on the low
temperature regime (T<300K), that is not present on the nanos-
tructured film. By fitting the experimental data with Eq. (9), at low
temperatures regime, we have determined the activation energy of the
above-mentioned mechanism: EA,3 = 0.43 eV and its characteristic time
at infinite temperature: τ0,3 = 8.3 × 10−6s. The charge collected in the
external circuit due to this mechanism has been found equal to
3.4 × 10−9C/cm2. However, the characteristic time of this mechanism
at 300 K is found quite small: τ300Κ,3 = 164 s (using Eq. (8)) and
therefore, it is not expected to contribute significantly to the device
lifetime.

Apart from the mechanism that appears at low temperatures, there
is also another discharging mechanism at high temperatures
(T > 350 K), which has been also analyzed using Eq. (9). The charge
collected in the external circuit due to this mechanism has been found
equal to 7.2 × 10−9C/cm2, its activation energy is EA,4 = 0.65 eV and

τ0,4 = 5.4 × 10−6s. The characteristic time of this mechanism will
obey Eq. (8) and thus at 300 K we obtain: τ300Κ,4 = 4.6 × 105s, a value
which is larger than five days' time.

The above-mentioned mechanisms (Mechanisms 3 and 4) that have
been identified from TSDC spectra subtraction can be observed only in
REF and not in SiNx/CNTs films. Thus, the presence of CNTs in the
nanostructured material seem to diminish them.

It is important to mention that this is the first time, to the best of our
knowledge, that different discharging mechanisms have been identified
and distinguished, between a reference and a nanostructured SiNx di-
electric film.

In order to have a better view on the identified discharging me-
chanisms we present the obtained results from KP and TSDC assess-
ments on Table 1. We mention that parameter σ in this table stands for
the equivalent surface charge distribution in KP method (see Eq. (4))
while in TSDC it is the charge that would have been measured in the
external circuit for each mechanism (see Eq. (10)). The characteristic
time of each mechanism has been determined and presented for 300 K
(τ300Κ), taking into account Eq. (8). Finally, the characteristics of the
two mechanisms that have been identified in REF samples from TSDC
spectra subtraction (Fig. 7) are presented on the two last columns of
Table 1 (Mechanisms 3 and 4).

Regarding Mechanisms 1 and 2, they exhibit smaller τ300K and lower
σ in the nanostructured material. Mechanism 3 has been identified in
REF material from TSDS assessment and it is possible that the same
mechanism will be present in other PECVD SiNx materials that exhibit a
characteristic discharging time in the order of 102s, at room tempera-
ture. More specifically, E. Papandreou et al. in [34] have identified a
discharging mechanism with an activation energy of about 0.4 eV and a
characteristic time of ~102s, at room temperature, for a variety of SiNx

films that have been fabricated with different deposition conditions.
Moreover, it is remarkable to mention that in REF material, τ300Κ ob-
tained from KP measurement is of the same order of magnitude with the
corresponding value of Mechanism 4, obtained from TSDC, although
there is a small difference on the values of the obtained activation en-
ergy. The values of parameter σ also differ a lot (almost two orders of
magnitude). In order to understand these, one should bear in mind that
in KP method, the measured surface potential decay arises only from
charge displacement through the bulk material and towards the bottom
electrode. In TSDC assessment, on the contrary, the measured discharge
current arises from the algebraic sum of the charge flowing towards the
injecting contacts and the charge flowing through the dielectric film,
where carrier recombination takes place, and collected by the opposite
contacts [30]. So, the charge collected during temperature scan in TSDC
is expected to be lower in magnitude than the equivalent surface charge
density determined immediately after charging from KP method. Me-
chanism 4 is thus believed to play a significant role in charge dis-
placement through the bulk of reference material, while the presence of
CNTs result to its disappearance. Taking into account that the dis-
charging process in the dielectric films of RF MEMS capacitive switches
takes place during the pull-up state of the switch, where the injected
charges are transported through the bulk of the dielectric material, it is
obvious that the diminishment of Mechanism 4 due to the presence of

Fig. 7. TSDC spectra subtraction for REF and SiNx/CNTs films and its analysis,
using Eq. (9), at high and low temperatures region. Inset: TSDC spectra for
samples with REF and SiNx/CNTs films.

Table 1
The characteristics of the identified mechanisms in utilized films, obtained from KP and TSDC methods.

KP TSDC

Mechanism 1 Mechanism 2 Mechanism 3 Mechanism 4

REF EA (eV) 0.53 0.18 0.31 0.43 0.65
τ300Κ (s) 2.5 × 105 7.3 × 104 3.2 × 103 164 4.6 × 105

σ (C/cm2) < 1.7 × 10−7 1.1 × 10−7 1.5 × 10−8 3.4 × 10−9 7.2 × 10−9

SiNx/CNTs EA (eV) 0.37 0.25 0.30 – –
τ300Κ (s) 1.2 × 103 5.5 × 104 2.2 × 103 – –
σ (C/cm2) < 1.3 × 10−7 9.1 × 10−8 1.1 × 10−8 – –
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CNTs will increase device reliability.
Taking all these into consideration, we conclude that nanos-

tructured films have shown lower charging, faster discharging and the
presence of CNTs diminishes a discharging mechanism of reference
material (Mechanism 4), with a quite large characteristic time at room
temperature (larger than five days' time). Thus, the nanostructured
films that have been fabricated in this work is expected to enhance the
reliability of RF MEMS capacitive switches.

5. Conclusions

Nanostructured SiNx films with embedded CNTs have been fabri-
cated with a simple process, in order to incorporate CNTs on the lower
SiNx layer and thus assist the charge drain towards the bottom metal
contact. A reference SiNx material has been also fabricated with the
same method (without CNTs), in order to compare the properties of the
nanostructured films with the pristine material. Thermally activated
discharging mechanisms of utilized films have been investigated with
the aid of MIM capacitors, using TSDC assessment and a single-point KP
system for temperatures from 300 K to 400 K.

The nanostructured material is found to exhibit lower charging and
smaller discharging time, which is attributed to field enhancement from
the presence of CNTs. Two major contributing discharging mechanisms
are found in TSDC envelope of both nanostructured and reference
materials, and each of them exhibited smaller characteristic time at
room temperature and smaller charge in the nanostructured films.
Moreover, the TSDC revealed that the presence of CNTs in the nanos-
tructured films diminishes a discharging mechanism in the reference
material, which has a characteristic time larger than five days' time at
room temperature, a value similar to the discharging time constant of
the reference film. This is the first time, to the best of our knowledge,
that different discharging mechanisms are identified and distinguished,
between the reference and the nanostructured SiNx dielectric film. In
addition, the discharging process due to charge displacement in the
bulk material is found to be thermally activated and hopping dominates
charge transport. Finally, larger mean hopping distance and zero field
conductivity is found for nanostructured films, with respect to the re-
ference material, a result that may be attributed to alternation of the
percolation path due to field enhancement, arising from the embedded
CNTs.

The simplicity of the deposition process of SiNx films with em-
bedded CNTs and their electrical properties make these nanostructured
films quite promising for the fabrication of reliable RF MEMS capacitive
switches. Further investigation regarding the effect of CNTs density as
well as the dielectric film structure on the electrical behavior of these
films is necessary and presently in progress.
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A B S T R A C T

A more realistic approach of the discharging process in MEMS capacitive switches is presented with the introduction of the effective temperature in order to
determine the behavior of the microscopic parameters of hopping conduction, which dominates the process. The use of Kelvin Probe method in MIM capacitors that
simulates the discharging process in MEMS switches during up-state revealed that both the increase of temperature and stressing field intensity results the decrease of
mean hopping length. This result arises from the simultaneous contribution of the transport energy levels associated with the impact of the stressing field and
temperature. Also, a correlation was found experimentally between the stretched exponential decay and the hopping process. The proposed method was also applied
in MEMS switches where a similar behavior of the hopping parameters was found, providing evidence that the control of the hopping length to an optimum value can
provide fast discharging and low leakage currents, increasing the device lifetime.

1. Introduction

RF-MEMS capacitive switches possess many benefits over both
conventional switches such as FETs or PIN diodes and ohmic ones.
Their ultra-high linearity, almost zero power consumption, compat-
ibility with silicon technology and their ability to manage signals up to
hundreds of GHz, makes them the most prominent candidate to over-
come the limitations arising from the use of conventional semi-
conductor based switches [1]. However, reliability issues, among them
the most severe is dielectric charging, hinder their introduction to mass
production. During the devices' operation, specifically during actuation,
charges are injected and trapped inside the dielectric causing erratic
device behavior which in most cases may lead to stiction or shift of pull-
in voltage beyond the actuation one resulting the device failure.

In a MEMS capacitive switch, during up-state, the stored charge can
only be drained through the bottom electrode. Therefore, the device
lifetime is determined by the charging and discharging rates. The di-
electric film charging occurs under high electric fields and therefore is a
rather fast process if compared to discharging. This has been confirmed
from unipolar cycling tests which always lead to stiction as shown in
[2,3]. Moreover it has been shown that the number of cycles to the end
of life decreases exponentially with increasing the actuation voltage
[4].

In order to mitigate the dielectric charging and increase the ON/
OFF capacitance ratio several materials have been applied such as SiO2

[5,6], AlN [7], Al2O3 [8], Y2O3 [9] and SiNx [10,11]. The dielectric

charging in MIM capacitors (Metal-Insulator-Metal) has been initially
assessed with recording the charging/discharging current transients [5]
and TSDC (Thermally Stimulated Depolarization Current) spectroscopy
[7], which provided information on the charge exchange between the
injecting electrodes and the dielectric film. Methods that allowed the
monitor of discharge process through the dielectric film were based on
using the KPFM (Kelvin Probe Force Microscopy) to monitor the dis-
charge on a MEMS dielectric film [12] or the free surface of a dielectric
film [13,14], all affected by lateral charge diffusion. Finally, the Kelvin
Probe method has been applied to calculate the discharge current
through the dielectric film in MEMS [15] and MIM [16] and both [17].
The later intended the better understanding of the hopping transport in
Si-rich silicon nitride and its dependence on material stoichiometry,
deviations from homogeneity as well as the impact of extrinsic effects
such as humidity.

The abovementioned methods aimed to understand the conduction
mechanism/s that would balance the charging rate and lead to a steady
state condition corresponding to a minimal shift of C-V characteristic
under unipolar stress. Achieving such condition, the shift of pull-in
voltage will not exceed the actuation one, the Frenkel-Poole transport
mechanism, which requires higher electric fields will have minor con-
tribution during discharge process in the rest position, therefore the
charging reliability issue will effectively be mitigated and the charge
transport in the up-state rest position will be carried out through low or
high field hopping transport.

The majority of presently available studies on the MEMS dielectric
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film discharge (see above mentioned references and their citations)
have adopted a single or multiexponential decay, stretched exponential
decay and other macroscopic models [18–21] which effectively simu-
late the discharging process but did not provide insight and therefore
the possibility of material engineering for charging mitigation.

In previous studies including those performed at different tem-
peratures [11] the fact that the electric field plays a role similar to that
of temperature [22,23] was not considered. According to [22,23], at
high electric fields the temperature has to be replaced by an effective
one Teff(Tamb,F), which is determined by the device temperature and the
applied field.

Considering the necessity of suppressing the dielectric charging at
early stages, that is the shift of C-V characteristic is still small and where
the hopping transport still dominates, the present work aims to provide
a better understanding of the discharge including microscopic material
parameters such as hopping distance and hopping barrier. The in-
vestigation aims to understand the effect of device temperature on these
devices in order to provide a tool for the material engineering and the
prediction of charging behavior under different conditions targeting the
increase of operating lifetime. The assessment includes both MIMs and
MEMS capacitive switches, performed at different temperatures and
charging levels, allowing the determination of thermally activated
mechanisms and the effect of internal electric field after each charging
level on material microscopic parameters.

2. Theoretical background

Studying the hopping transport in amorphous semiconductors in the
presence of a strong electric field, B. Shklovskii [24] has shown that for
finite temperatures and in the absence of electric fields, the hopping
transport takes place in the so called transport energy level εΤ, defined
as the energy of those sites that a charge carrier visits with highest
probability independent of the starting position [25], where the hop-
ping rate maximizes:
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In Eq. (1) k is the Boltzmann constant, ε0 is the band tail width, Ν
the concentration of localized states and Tamb the device temperature.
The localization length a describes the spatial extent of the wave
function localized at a single site and depends on the material lattice
properties. The value of a is estimated to 0.77 nm and 0.56 nm for a-Se
and PbO [26], 0.5–0.8 Å for LixWOy [27] and 1–2 nm in a-Si [28,29]. In
the present work the adopted value of a was 1 nm.

It was also shown that in the presence of a strong electric field at
T = 0, an analogous energy level (εF) arises because of the increase of
the electron energy (ε = qFrij), where F is the electric field intensity,
relative to the mobility edge by hopping against the electric field over a
distance rij (Fig. 1a) [30]:
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where q is the elementary charge and the parameter γ has the value
γ ≈ 0.67.

According to these, the combined effect of the electric field during
discharging Fi and ambient temperature Tamb on the hopping con-
ductivity can be expressed with the introduction of the effective tem-
perature [22]:
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Here we should bear in mind that discharging takes place under the
presence of Teff, which reaches Tamb as Fi → 0.

According to R. M. Hill [31] and M. Pollak et al., [32], the ex-
pression of hopping current density including Teff is:
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where rij the mean hopping distance and
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where σ0 is the fitting conductivity which depends on the electron-
phonon coupling strength, the phonon density of states and other
properties of the material [33] and ΔΕ is the mean energy separation
between the hopping sites expressing the classical hopping of a carrier
over the potential barrier separating two energetically favorable sites,
i.e. in a double well potential [34] or the hopping barrier height for DC
conduction [35].

In the case of MIM capacitor the electric field is determined from the
top electrode potential Us and the dielectric film thickness dε (Fi = Us/
dε), thus the current density can be expressed as [36]:

= −J t ε ε
d

dU t
dt

( ) · · ( )r

ε

s0

(6)

Fig. 1. a) Electron hop against the electric field over the distance rij, b) The
increase of electron energy by δε(1), δε(2) etc. with respect to the mobility edge
due to successive hops against the field direction.
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Assuming that hopping dominates the discharging process [17,37] J
(t) = JH, and combining Eqs. (4) and (6) yields:
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which associates the discharging time with the surface potential. In the
case of MEMS capacitive switches the current density during dischar-
ging can be evaluated with the substitution Us(t) = Vmin(t) in Eq. (6),
where Vmin is the voltage value that corresponds to minimum capaci-
tance, assuming a small capacitance variance [15,38,39]. Considering
the fact that during discharging Teff is time dependent, rij is treated as a
constant fitting parameter.

3. Experimental details

The MIM capacitors used in the present work fabricated with stan-
dard photolithographic process where the circular top electrode had a
diameter of 2 mm (Fig. 2). Both electrodes where symmetric Ti/Au
layers in order to minimize the impact of the contact interface asym-
metry. The SiNx film thickness was 200 nm and deposited with PECVD
method at substrate temperature of 250 °C. The film stoichiometry was
measured by X-ray Photoelectron Spectroscopy (XPS) and was found to
be 0.57, indicating a Si-Rich film.

The discharge process on MIM capacitors was monitored with the
aid of Kelvin Probe method. The Kelvin Probe is a non-contact, non-
destructive vibrating capacitor device used to measure contact potential

difference between a conducting specimen and a vibrating probe tip,
which is placed near the surface of interest [40]. The surface potential
(Us) of the utilized devices is thus directly measured during discharge,
while the device is not in contact with the measuring system. A po-
larization field with intensities of 250 to 1000 kV/cm with steps of
250 kV/cm has been applied for 15 min in ambient, while in order to
study the impact of the temperature on the discharging process each
experiment was performed in the range of 300 K–340 K with steps of
10 K. The following discharging process has been assessed by mea-
suring the decay of surface potential (Us) for a time period of about
104s. In all measurements, the polarization bias has been applied on the
top metal electrode.

For the MEMS switches, the dielectric film was grown on top of a
Cr/Au bottom metal electrode. The SiNx film thickness was 200 nm and
the deposition was performed with high frequency (13.56 MHz) PECVD
method at substrate temperature of 300 °C. The membrane is an eva-
porated Cr/Au layer and in the unactuated position, it is suspended
about 1 μm above the dielectric. The pull-in voltage of the switches has
been found to be about Vpi ≈ 35 V. MEMS devices were stressed at
40 V for 20 min in the temperature range 300 K–380 K in steps of 20 K,
while the discharge process was assessed by monitoring the bias for
capacitance minimum (Vmin) of up-state capacitance-voltage (C-V)
characteristics with a Boonton 72B capacitance meter. The required
bias was applied to the transmission line with 487 Keithley voltage
source-picoampere meter. The bias for up state capacitance minimum
was determined by fitting a parabola to the experimental data, as-
suming small capacitance variance. All measurements on MEMS
switches have been performed in a cryostat, under vacuum, with prior
2 h annealing at 160 °C, in order to avoid any spurious effects due to
humidity.

4. Results and discussion

4.1. MIM capacitors-the impact of stressing field level

As already mentioned through the Kelvin Probe method the stored
charge can only be drained from the bottom electrode, thus the dis-
charging current provides information about the charge kinetics and
the associated transport mechanism. For each stressing field and at each
temperature the potential decay was fitted with Eq. (7); indicatively in
Fig. 3 are shown the fitting results after stressing with 1MV/cm. In this
high stressing field level the charge redistribution through the Frenkel-
Poole mechanism cannot be disregarded. However, discharging in-
itiates under the presence of low internal electric field intensities, ap-
proximately 500 kV/cm, thus it is expected that discharging will be
dominated by the high field hopping conduction.

Fig. 2. Schematic of the utilized a) MIM capacitors and b) MEMS capacitive
switches.

Fig. 3. The potential decay at each temperature after isochronal charging with
1MV/cm.
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The dependence of MIM capacitor top electrode potential (Us, t=0)
after isochronal charging at different temperatures for all the applied
stressing fields is shown in Fig. 4. In all cases, the starting potential and
the calculated stored charge density σΚP drops with increasing tem-
perature, a behavior that is more intense for larger charging fields.

Applying Eq. (7) to the experimental decays at each device tem-
perature and stressing field intensity allowed the calculation of the
mean hopping length, which decreases with the increase of stressing
field (Fig. 5) and/or temperature (Fig. 6).

This behavior can be interpreted by the following: Considering only
the impact of stressing field intensity its increase results the increase of
mobility band bending and the consequent charge trapping giving rise
to the initial potential. Also, during charging the charge injection takes
place through trap assisted tunneling (TAT), which is strongly field and
temperature dependent, and is partly compensated by the charge re-
distribution through Frenkel-Poole or hopping mechanism. The charge
redistribution is determined by the stressing field which also affects the
carrier occupancy in band tails and therefore rij. Following Eq. (2),
during discharging at a specific Fstress and T, the continuous decrease of
Us is a result of the movement of the level εF, where hopping rate
maximizes, towards Fermi level. This shift of εF exposes areas of fewer
defects resulting larger and fewer hops, since the hopping rate is pro-
portional to the effective defect density (Neff = 1/rij3). Here it must be
emphasized that the calculated value of Neff corresponds to the effective
defects participating in the process rather than the total intrinsic defect
concentration which depends on material properties [24]. The gradual
increase of stressing field intensity which also increases Us, t=0 (Fig. 4)

shifts εF to more shallow states, where more and shorter hops are fa-
vored, leading to increased conductivity (Fig. 5).

4.2. MIM capacitors-the impact of device temperature

In the other hand, the impact of device temperature on the dis-
charging process (Fig. 6), is attributed to the fact that an analogous
energy level (εT) arises, the so called transport energy (Eq. (1)) [22],
which gradually moves with increasing Tamb from the Fermi level to-
wards mobility band edge. Since in amorphous SiNx the density of
states in the band tails increases exponentially towards mobility band
edge, the hopping distance will decrease. This also justifies the increase
of calculated apparent effective density of states, while the decay of top
electrode potential will make its contribution less effective to Teff (Eq.
(3)).

The zero-field conductivity was found to be thermally activated,
where the corresponding Arrhenius plot is presented in Fig. 7. The
calculated average activation energy was found to be 0.97 eV ±
0.04 eV. This large activation energy does not correspond to energy
difference between states in the band tails but rather to the parabolic
barrier separating the states.

Discharging process is faster at short times followed by slower
process as time increases. Considering the fact that the decrease of
electric field results also the decrease of band bending moving towards
equilibrium so that the apparent density of states decreases. This gives
rise to the hierarchical scheme of the discharging process where short

Fig. 4. Plot of Us, t=0 vs charging temperature for the applied stressing fields
and the calculated surface charge density.

Fig. 5. Plot of the calculated rij vs stressing field intensity.

Fig. 6. The mean hopping length as function of the ambient temperature at
each applied electric field intensity.

Fig. 7. Arrhenius plot of zero field conductivity at each stressing field intensity.
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hops are followed by larger hops (Fig. 1b).

4.3. Relation to stretched exponential decay

It is widely accepted that the stretched exponential function, known
as the Kohlrausch-Williams-Watts (KWW) law, can describe many re-
laxation phenomena in complex condensed matter systems including
glasses, polymers, amorphous silicon and other systems. In the case of
the top electrode potential decay due to charge transport through the
bulk the function is given by:
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⎣⎢

−⎛
⎝

⎞
⎠

⎤
⎦⎥

U t U exp t
τ

( ) ·s s
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where β is the stretching index ranging from 0 to 1 and τ the time
constant of the relaxation process. The parameters β and τ depend on
the material and can be a function of external variables such as tem-
perature.

Several efforts have been paid in the search of microscopic models
responsible for generating the stretched exponential law, including the
Förster direct-transfer mechanism [41] of charge relaxation via parallel
channels, the serial hierarchically constrained dynamics model [42]
and the defect diffusion model of Shlesinger and Montroll [43].
Sturman et al. [44] derived a geometric approach of a hopping model
where the stretched exponential law originates from the geometric
features of a random distribution of transport and trapping sites in the
3D space. Also, they found that the value of stretching index β is de-
termined by the localization radius of hopping electrons, however an
analytical expression of the dependence of β on rij has not been derived.
In addition, it was found that the stretching index increases with the
increase of trap density and decreases with the increase of hopping
length. Fig. 8 shows the experimental dependence of the rij calculated
with Eq. (7) and the stretching index β which was determined by ap-
plying Eq. (8) for each stressing field and at each temperature. This
leads us to the conclusion that the extracted fitting parameters with Eq.
(8) and the extracted values of rij can be correlated experimentally,
providing results directly related to the material properties.

4.4. MEMS capacitive switches

The proposed model has been further applied to MEMS capacitive
switches, where the behavior of the calculated rij is presented in Fig. 9.
The increase of temperature results the decrease of rij in a similar way as
MIM capacitors. The obtained differences in the calculated values arise
from the fact that the dielectrics used in MIMs and MEMS switches were

fabricated with different conditions, resulting to different material
stoichiometry, and affecting the material bandgap as well as the defect
concentration. The zero-field conductivity was also found to be ther-
mally activated with an activation energy of 0.33 ± 0.01 eV. Con-
sidering the impact of the stressing field and device temperature on the
discharging procedure through the dielectric bulk during up-state in
MEMS, the ability to control the parameters εF and εT is essential. The
knowledge of the position of these levels would allow one to estimate at
which position within the density of states, its modification by adding
dopants or impurities through the fabrication process has the greatest
effect on the transport characteristics of the material.

5. Conclusions

A more realistic approach of the discharging process in MEMS ca-
pacitive switches is presented with the introduction of the effective
temperature in order to assess the behavior of the microscopic para-
meters of hopping conduction, which dominates the process. The use of
Kelvin Probe method in MIM capacitors that simulates the discharging
process in MEMS switches during up-state revealed that both the in-
crease of temperature and stressing field intensity results to the de-
crease of mean hopping length. This result arises from the simultaneous
contributions of the movement of the energy levels εF, εT and the ex-
ponential increase of the density of states in the band tail towards
mobility edge. Moreover, it was found experimentally that the extracted
parameters of the macroscopic stretched exponential decay can be
correlated with the parameters of the microscopic hopping process.
Also, it was found that the potential barrier between the hopping sites is
independent of stressing field intensity while the calculated activation
energy corresponds to a parabolic potential barrier.

The proposed method was also applied in MEMS switches where a
similar behavior of the hopping parameters was found. This provides
evidence that the proposed tool can be used for material optimization,
where the control of the hopping length may lead to the adjustment of
its value in order to provide fast discharge and low leakage currents,
increasing the device lifetime.
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A B S T R A C T   

This study presents experimental evidence of field emission in MEMS capacitive switches. Devices with dielectric 
layers of silicon nitride of different thicknesses between 50 and 200 nm were investigated by current-voltage (I- 
V) measurements. These measurements were performed at room temperature and under a controlled atmosphere 
pressure of 3 × 10− 2 mbar at bias levels below breakdown and corresponding electric fields encountered in 
MEMS capacitive switches during pull-in (1-2 × 106 V/cm). Field emission although was not always clearly 
observed, it occurred in all devices and clearly manifested at electric fields larger than 106 V/cm.   

1. Introduction 

The electrical properties of dielectric film used in MEMS capacitive 
switches have been intensively investigated during the last decades 
because the charging effect determines the device lifetime. The mech-
anisms responsible for dielectric charging are induced charging arising 
from free intrinsic charges displacement and dipole orientation [1] and 
charge injection through contacting electrodes during pull-in or both 
[2]. A mechanism that has contributed to dielectric charging is the field 
emission from non-contacting electrodes, specifically from the moving 
armature. The presence and measurement of field emission current has 
been reported in [3] and the contribution to dielectric charging 
compared to conventional devices in [4] both in floating electrode 
capacitive MEMS. 

The conventional capacitive switches have rough electrodes that 
reduce the maximum capacitance [5] and may create voids. The pres-
ence of voids leads to non-uniform capacitance per unit area and surface 
charge density the modelling of which required detailed approach for 
each case [6]. Kelvin probe study of surface potential has revealed non 
uniform charge distribution but of the same polarity [7] that indicated 
that charging arises from both injected charges through contacting areas 
and field emission injected charges in the voids. 

Presently, in conventional MEMS capacitive switches the identifi-
cation of each contribution has not been done because the measured 
current may arise partially from charge transport through the dielectric 
film and partially from cascade charge transport through field emission 
followed by transport through the dielectric film. 

The present work aims to monitor the field emission in MEMS ca-
pacitors without floating electrode. Structures with rigid bridge and 
different dielectric film thickness are employed. The flowing current 
through the air gap and dielectric film is measured. The dependence of 
field emission current on the dielectric film is presented. 

2. Background knowledge 

2.1. Field emission 

Fowler–Nordheim theory describes the emission of electrons from a 
metal due to very high electric field. This emission process takes place 
through sharp asperity paths. There the electric field can be locally 
enhanced by several orders of magnitude, this depending on the asperity 
shape. The typical signature of this conduction mechanism is the 
exponential dependence of current on applied bias above a threshold 
voltage determined by the asperity height and shape. In terms of 
measured current (I) versus applied bias (V) the Fowler–Nordheim 
equation is expressed as [8,9]: 

IFN =
αAV2

Φt2(y)d2 • exp
(

−
BΦ3/2ν(y)d

βV

)

A = 6.2 × 10− 6 A
/

eV

B = 6.85 × 107 V
/

cm
/

eV3/2

(1)  

where IFN is the field emission current, α is the effective emitting area, Φ 
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is the work function, d the gap width, β is the field enhancement factor 
and A and B are Fowler-Nordheim constants given by: 

ν(y) ≈ 0.95 − y2  

t2(y) ≈ 1.1  

where y ≈ 3.79 × 10− 4 •

̅̅̅̅̅̅̅̅̅̅̅
β(V/d)

√

Φ is a function of the electric field, work 
function of the metal and the field enhancement factor. 

2.2. Emission through barrier 

The field emission trough thin dielectric film covering the cathode of 
electron emitter has received significant attention [10–14]. In MEMS 
capacitive switches the actuation bias polarity will determine which 
electrode will play the role of cathode for the field emission process. This 
leads to two configurations where the “transmission line” will be (i) the 
cathode when a negative bias is applied with respect to the “bridge” or 
(ii) the anode when a positive bias will be applied with respect to the 
“bridge”. In the first case the electrons are emitted through a dielectric 
film. Then the energy diagram for field emission from metal surfaces 
coated with a dielectric, according to Ref. [14] is presented in Fig. 1. 

In all cases the applied bias will be divided in the voltage across the 
dielectric film (Vd) leading to charge transport and the voltage that will 
generate the field emission process (VFE). On the other hand, the 
measured current must be 

Jmeas = q
∫ ∝

0
D(ε)N(ε)dε (2)  

and 

Imeas = Id = IFE (3)  

where D is the electron transmission probability, N is the number of 
electrons impinging normal to the metal surface across unit area per unit 
time [13]. The present work is focused on the case of field emission from 
the transmission line through the dielectric film towards the device 
bridge the anode, which is clearly represented in Fig. 1. 

3. Device fabrication and experimental procedure 

Fig. 2b shows the SEM image of typical dielectric less MEMS device. 
The fabrication details are the same, except for dielectric film deposi-
tion, as the ones outlined in [15]. The fixed–fixed beam is a thick (>6 
μm) electroplated Au layer. The beam is made so thick to suffer a 
negligible deflection when biased against its Au actuation pad 

underneath it. The gap between the bridge and the coplanar waveguide 
is 1.5 μm. 

The MEMS capacitors bottom electrode was covered with PECVD Si- 
rich SiN dielectric film of thickness of 50 nm, 100 nm and 200 nm. The 
field emission current through the MEMS device was measured with a 
Keithley 6487 picoammeter, which provided the required bias. Voltages 
in the range of 0–250 V ere applied to MEMS capacitor through a resistor 
of R = 109 Ohm (Fig. 2b) placed in series with the MEMS device to 
prevent uncontrolled burnout thus allowing the monitoring of field 
emission current. All measurements were performed at room tempera-
ture in a Biorad cryostat under a controlled atmosphere pressure of 3 ×
10− 2 mbar. In all experiments the applied electric fields did not exceed 
breakdown hence, corresponding electric fields encountered in MEMS 
capacitive switches during pull-in (1-2 × 106 V/cm). Finally, 
capacitance-voltage tests were performed with the aid of a Boonton 72 
capacitance meter which provided a resolution of 0.5 fF, to test if any 
bridge is bending. 

4. Results and discussion 

The thickness of dielectric film (~200 nm) used in MEMS capacitive 
switches is larger than those reported in [14]. Thus, tunnelling cannot be 
expected through the dielectric film. To investigate the field emission in 
such films (Si-rich) SiN films were deposited with progressive increasing 
thickness of 50 nm, 100 nm and 200 nm and we investigated each case 
separately. 

4.1. The 50 nm dielectric film 

The current-voltage (I-V) characteristic, up to breakdown threshold, 
of a MEMS capacitor with dielectric film of 50 nm is presented in Fig. 3a 
and the corresponding Fowler-Nordheim plot in the expected field 
emission regime in Fig. 3b. As already mentioned, the I-V characteristic 
has been obtained up to the onset of breakdown to avoid major damage 
to dielectric film. 

Analysis of the I-V characteristic reveals that for electric fields above 
106 V/cm the field emission dominates the flowing current. The straight 
lines in Fig. 3b show the Fowler-Nordheim fit with the corresponding 
field enhancement factors. At lower electric fields, down to about 5 ×
105 V/cm, the field emission process is still present although the field 
enhancement factor is about 336 while at higher electric fields the field 
emission arises from asperities with field enhancement factor of about 
99. Here it must be pointed out that the calculated values of the field 
enhancements factors correspond to the effective ones since field 
emission must originate from several asperities at the surface of the 
cathode. 

4.2. The 100 nm dielectric film 

The current density-electric field (J-E) characteristic, up to break-
down threshold, of a MEMS capacitor with dielectric film of 100 nm is 
presented in Fig. 4a. The expected field emission region was determined 
with the aid of Fowler-Nordheim plot and appeared at higher electric 
fields, Fig. 4a, than those observed in MEMS capacitors with 50 nm 
dielectric film. This must be attributed to a smoother metallic surface on 
cathode. 

In Fig. 4b the FN plot indicates that before the observed breakdown 
that usually leads to electrodes damage it appears a sharp peak in the J-E 
characteristic. The FN plot of this peak shows that it also arises from 
field emission (Fig. 4b) and the sharp disappearance must be attribute to 
asperity burning. Finally, the J-E part below field emission region is 
almost linear and could be attributed to surface leakage since is observed 
in other devices, i.e., the 200 nm dielectric film ones. 

Fig. 1. Energy diagram for field emission from a metal covered with dielectric 
field based on Ref. [14]. 
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4.3. The 200 nm dielectric film 

The current-voltage (I-V) characteristic, up to breakdown threshold, 
of a MEMS capacitor with dielectric film of 200 nm is presented in 
Fig. 5a. In this case the field emission is clearly demonstrated and 
confirmed for electric fields larger than 106 V/cm through Fowler- 
Nordheim plot shown in Fig. 5b. 

A comparison of electrical properties of the devices assessed in the 
present work reveals the presence of field emission through the 
measured current that flows through the MEMS capacitors gap. In all 
devices, the field emission is clearly confirmed through the Fowler- 
Nordheim plot. The devices with 100 nm dielectric film showed a 
minorly different behaviour since the field emission was observed at 

higher fields and close to breakdown. This behaviour has been attributed 
to reduced surface roughness. 

5. Conclusions 

The paper presents experimental evidence on field emission process 
in MEMS capacitors with rigid bridge and dielectric film of 50 nm, 100 
nm and 200 nm. In these devices the dielectric film was deposited on the 
cathode, the bottom electrode. The field emission takes place through 
the dielectric film and occurs in all devices at electric fields larger than 

Fig. 2. (a) MEMS device and (b) the I-V assessment setup.  

Fig. 3. (a) the I-V characteristic and (b) the Fowler-Nordheim plot.  

Fig. 4. (a) The I-V characteristic and (b) the Fowler-Nordheim plot of a device 
with 100 nm dielectric film. 
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106 V/cm. The intensity of field emission depends on the cathode surface 
roughness. According to these the field emission is expected to be pre-
sent almost always in power MEMS applications since these devices will 
be designed to operate with higher DC voltages, which is the pull-in and 
therefore pull-out voltage and in addition to these, the presence of high 
RF voltage under hot or cold actuation. 
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