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Abstract 

In this study, a metal-insulator-metal capacitor structure is fabricated using polystyrene-

nanoparticles. Impedance spectrocopy is used to evaluate the performance of this capacitor in 

which we found out a significant magnitude increment in capacitance and loss tangent 

compared with an equivalent ideal capacitor with continuous polystyrene layer and same 

geometry. Capacitance values up to 11.7 and loss tangent values up to 387 (at 0.1Hz) larger 

than the expected for a continuous polystyrene MIM capacitor are achieved. The capacitor 

shows a good stable capacitive behavior in the frequency range from 0.1Hz to 100kHz at 

room temperature, 30°C, 40°C and 50°C without an effective relaxation process. Nyquist, 

capacitance, loss tangent and normalized powers curves are analysed by modified randles 

model. Also, it is observed a slight decrease in the capacitance value at 50°C that may be 

attributed to space charge localized at the nanoparticles interface and that are affected by the 

temperature changes. 

Keywords: Polystyrene nanoparticles, metal-insulator-metal structure, impedance spectroscopy, electrospray, space charge 

polarization. 

 

1. Introduction 

The current trend to improve energy storage performance 

is driving to the characterization of different dielectric 

materials as metal oxides and polymers, as well as, the 

innovation in different structures at micro and nanoscale. 

Metal Insulator Metal (MIM) capacitors are used as a 

secondary power supply [1] in integrated circuits applications 

and are fabricated using planar and continuous films of high-

k dielectrics as insulator layers. Nevertheless, 3D MIM 

nanostructures such as a nanoscale interdigital aluminum 

oxide membrane [2] or an nanotubular MIM [3] show an 

enhanced high density energy and high capacitance as 

100µF/cm2. Tree-dimensional nanocapacitors based on 

nanowires [4] or porous arrays [5] have achieved  capacitances 

of about 10 and 2.5 times greater than for planar capacitor. 

Moreover, a new and simple fabrication method to self-

assembly spherical nanoparticles using electrospray [6] has 

recently allowed the fabrication of a silica oxide nanoparticles 

MIM capacitor [7] which exhibited a capacitance 1000 times 

higher than an ordinary planar silica MIM capacitor. 

On the other hand, polymers as dielectric materials are of 

distinctive interest for owning stable capacitances, low losses 

and high breakdown strengths; making them attractive in 

many energy store applications [8] such as film capacitors, 

gate dielectrics, fuel cells, organic photovoltaics, etc. For 

instance, the current state of art of polymer dielectric is based 

on biaxially oriented polypropylene (BOPP) [9] with loss 

tangent (tan δ) of about 0.0002 at 1khz, but modest dielectric 

permittivity of 2.2 and maximum operating temperature of 

85°C. Recently, oligoaniline, a conductive material, was 

functionalized inside polystyrene film, and a dielectric 

constant increase around one order of magnitude was reported 

[10]. 

Polystyrene (PS) is a thermoplastic weak-polar polymer 

[11] constituted by large chain of styrene molecules. It owns 
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a dielectric permittivity of about 2.55 and a loss tangent of 

0.0002 at glassy-state. Characteristics that make it a good 

alternative for manufacturing low cost insulators, or 

capacitors with low losses but low capacitance density. Also, 

polystyrene nanoparticles layers [12] have been successfully 

deposited with electrospray as a suitable alternative for giving 

rise to 3D colloidal structures as potential devices for nano-

photonic applications such as photonic crystals [13] or inverse 

opals [14] [15]. 

Polystyrene impedance spectroscopy properties are mainly 

associated to two mechanisms of polarization [16] dependent 

on temperature: Dipolar polarization and space charge 

polarization. Dipolar polarization (also called Debye 

polarization) [17] is present till GHz frequencies and it is due 

to the thermal aligning of groups of proteins known as phenyl-

groups [18] [19]. Space charge polarization [20] appears at 

metal-insulator interfaces or grain boundaries, and it is due to 

the diffusion of charge carries such as electrons, holes and 

ions. 

In this paper, we report the fabrication and study of a new 

metal-insulator-metal capacitor structure using an array of 

polystyrene (PS) nanoparticles layers as insulator instead of a 

continue film of polystyrene. We enclosed the PS 

nanoparticles using electrospray and standard microelectronic 

fabrication techniques. Impedance spectroscopy data was 

measured and modelled at room temperature and at different 

temperatures below the glass-transition temperature. The 

improved capacitance and loss tangent were compared with a 

theoretical polystyrene film capacitor with the same planar 

area and thickness. 

 

2. Experimental 

2.1 Material and device fabrication 

The device consists in two electrodes and some PS 

nanoparticles in between.  The MIM capacitor was fabricated 

on a glass holder as a substrate, although any other thin or 

flexible holder could be used, reducing the cost and enhancing 

the feasibility. First, a photolithography step was performed to 

pattern a positive photoresist layer as it is shown in Figure 1a. 

Then a 355nm thick aluminum layer was deposited and then, 

the sacrificial photoresist layer was removed by a lift-off 

process thus creating the bottom plate electrode (20.25 mm2) 

on the glass. A new layer of photoresist was spun-coated and 

patterned to create two cavities, one cavity for the MIM 

capacitor and the other for the contact with the bottom 

electrode.  

In order to refill the first cavity with PS-nanoparticles 

(Figure 1b), the needle tip was placed at 6 cm from the sample 

and then a PS colloidal suspension was pumped at 0.3 mL/h. 

To form the Taylor cone [21], that is essential to electrospray 

the nanoparticles, a DC bias of +5.2 kV was applied at the 

needle and -2.1 kV at the bottom electrode. PS-nanoparticles 

are deposited by electrospray during 5 minutes onto the 

aluminum layer. The ambient temperature and ambient 

humidity were monitored at 26°C and 70% respectively. 

 

 
Figure 1. MIM capacitor fabrication scheme: (a) First 

photolithography step in order to construct the bottom electrode. (b) 

PS nanoparticles are electrosprayed with a high DC voltage between 

the needle and the bottom plate. (c) PS nanoparticles were covered 

by a thermal evaporated aluminium film as the top plate electrode. 

The top plate electrode was also an aluminum layer but 

deposited by thermal evaporation onto the electrosprayed 

nanoparticles using a shadow mask to close the specific area 

of the MIM device with aluminum. A sectional top schematic 

of the device is shown in Figure 1c. 

Regarding to the nanoparticles suspension, priory to the 

electrospray step, we modified the original monodisperse PS 

nanoparticles water suspension (295nm diameter and solid 

content weight 5%), mixing with propanol with a volume ratio 

of 6:4 respectively. 

2.2 Characterization 

Scanning Electron Microscope (SEM) and Focused Ion 

Beam (FIB) characterizations were used to obtain the top view 

and cross-sectional view of the resulting nanoparticle layers. 
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Electrical performance of the PS nanoparticle MIM capacitor 

was measured by impedance spectroscopy over the frequency 

range from 0.1 Hz to 100 kHz applying an excitation 

perturbation voltage amplitude of 500mV with an impedance 

analyzer (Hioki IM3590). The impedance measurements were 

first carried out at room temperature and a temperature sweep 

was also performed. The temperatures analysis was made 

using a thermal chuck with a STC200 temperature controller. 

In order to avoid deformation due to PS dilatation, the 

temperature range was maintained below the glass-transition-

temperature [22]. Nyquist plot, capacitance values, loss 

tangent values and normalized power plots are presented. 

2.3 Formulation 

A MIM structure under an alternating electric voltage has 

an impedance Z(f) formed by a real and an imaginary 

component, that can be described as a complex capacitance. 

 

𝑍(𝑓) = 𝑍′ + 𝑗𝑍′′ = 1 [𝑗2𝜋𝑓𝐶∗]    ⁄ (1) 

 

The complex capacitance C*(f) is defined by: 

 

𝐶∗(𝑓) = [𝐴 𝑑⁄ ]𝜖∗ = 𝐶′ − 𝑗𝐶′′    (2) 

 

Where A is the planar area, d is the thickness and Є* is the 

complex permittivity.  

The real capacitance C’ is related to the energy storage, 

depends on the frequency and it is proportional to the 

permittivity Є’. This capacitance can be written as: 

 

𝐶′ = −𝑍′′ [2𝜋𝑓|𝑍|2]⁄ = [𝐴 𝑑⁄ ]𝜖′    (3) 

 

On the other hand, the loss tangent (or dielectric loss) is a 

dimensionless parameter defined as follows: 

 

tan(𝛿) = |𝑍′ 𝑍′′⁄ |    (4) 

 

Where δ is the loss angle. For an ideal capacitor tan δ = 0.  

The complex power S can be defined as: 

 

𝑆 = 𝑃 + 𝑗𝑄    (5) 

 

The normalized active power PN and the normalized 

reactive power QN can be written as: 

 

𝑃𝑁 = 𝑃 |𝑆|⁄ = 𝑍′ |𝑍|⁄ = cos(𝜃)    (6) 

𝑄𝑁 = 𝑄 |𝑆|⁄ = 𝑍′′ |𝑍|⁄ = 𝑠𝑒𝑛(𝜃)    (7) 

 

Where θ is the phase angle of both the complex power S 

and the impedance Z(f). 

In addition, a constant phase element [23] impedance can 

be defined by the equation: 

 

ZCPE = 1 [QC(jω)α]⁄     (8) 
 

Where α is a dispersion exponent that ranges between 0 to 

1, QC is a coefficient that describes the ideal capacitance when 

α=1, and ω is the angular frequency. 

Finally, a Warburg element [24] impedance ZW can be 

defined by the equation: 

 

ZW =
𝐴𝑤

√𝜔
[1 − 𝑗] = √2𝐴𝑤 [𝑗𝜔]1/2⁄     (9) 

 

Where AW is called Warburg coefficient. 

 

3. Results and Discussion 

3.1 SEM/FIB characterization 

Figure 2a shows the SEM image of a top surface view of 

the PS-nanoparticles MIM capacitor. The orography is rough 

but regular in general terms, without peaks, holes or breakings. 

That is due to the mixture of the PS suspension with propanol 

favors the uniform scattering of the nanoparticles during the 

electrospray [12]. 

 

 

 
Figure 2. SEM images: Surface top view (a) and cross section view 

(b) showing PS nanoparticles arranged randomly and sandwiched 

between two aluminium layers. 
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Figure 2b shows a cross-section image drilled with FIB 

where the nanoparticles are sandwiched between the bottom 

and the top electrodes. A layer of platinum which was 

deposited with the scanning electron microscope to obtain a 

good image without electrostatic interference is also observed. 

As can be seen, the aluminum top electrode has an unevenness 

but smooth profile. This orography is not easy to control 

during the fabrication process and it makes difficult to 

calculate the effective contact area. However, we have 

estimated an averaged thickness of the PS layer of about 1.75 

µm.  

3.2 Impedance spectroscopy characterization at room 
temperature. 

Figure 3a shows the Nyquist plot of the MIM capacitor at a 

room temperature of 21.5°C. High impedance values 

demonstrate a good insulation role of PS nanoparticles. The 

measured impedance data has been fitted with a modified 

randles spectral model which equivalent circuit consisted of 

four sub-circuits, that is shown in Figure 3c. The extracted 

circuit element values are shown in Table 1, where QC1, QC2, 

QC3, QC4 are the coefficients of the four constant phase 

elements which represent no uniform accumulation of 

charges. ZW1 corresponds to a Warburg element that is related 

to a diffusion process; and R2, R3 and R4 are shunt resistors. 

We propose this model continuing with a previous work, 

where silicon oxide nanoparticles MIM capacitors [7] were 

analyzed using an equivalent circuit consisting of three sub-

circuits that models the two contacts (top and bottom) and the 

SiO2 nanoparticles. Since the top contact of the PS 

nanoparticles MIM is much rougher than SiO2 nanoparticles 

MIM, the nanoparticles and the aluminum are contacted at 

different heights with respect to the bottom contact, which 

may suggest more than one resonance frequency. Therefore, 

we assume that the top contact can be represented by two sub-

circuits in series. In addition, the bottom Al/PS contact is 

represented by a sub-circuit (QC2 and R2). 

 
 

Figure 3. Nyquist plots (symbols: -o- data measured, -+- data fitted) at 500mVac and at room temperature: (a) Range frequency from 0.1Hz 

to 100kHz, (b) Range frequency from 1kHz to 100kHz. (c) Equivalent circuit used to fit the impedance data, where parallel sub-circuits 

represent the top PS/Al contact, the bottom PS/Al contact and the PS nanoparticles. 
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Table 1. Fitting parameter for the equivalent circuit of the PS nanoparticles MIM capacitor, s=jω 

 QC1 α1 AW1 QC2 α2 R2 QC3 α3 R3 QC4 α4 R4 Cresist 

Unit nFsα-1  MΩs1/2 nFsα-1  MΩ nFsα-1  MΩ nFsα-1  MΩ pF 

Value 1.55 0.97 390 2.2 0.93 22 1.4 0.99 1.5 2.5 1 0.10 33 

 

Figure 4. Experimental and modelled data (symbols: -o- and -+-) of capacitance (a) and loss tangent (b) at room temperature from 0.1Hz to 

100kH

The four sub-circuits are overlapped in frequency, the 

resonant frequency of each sub-circuit is in the frequency 

range from 0.2Hz to 673Hz. These frequencies are so close 

that make it hard to identify the physical origin of each 

resonance process. Nevertheless, it seems that the sub-circuit 

that contains the Warburg impedance represents the 

nanoparticles because the diffusion is developed through the 

layers of nanoparticles and QC1 is the result of complex mobile 

charges interacting with polystyrene and its free spaces, while 

the sub-circuits without Warburg are the MIM contacts. The 

top contact, where there is more contact area, is represented 

by the two sub-circuits whose resistances are the smallest. The 

second sub-circuit whose R2 shunt resistance is the lager than 

R3 or R4 would be the bottom contact. 

There is a capacitance due to photoresist localized in lateral 

area next to the MIM area. In order to consider the effect of 

photoresist, a separated Al/photoresist/Al MIM was fabricated 

and its capacitance was measured. Consequently, the 

photoresist in-between parallel plates capacitance in our 

polystyrene nanoparticle MIM is estimated as 33pF (Cresist). 

As a result of the overlapping of the four resonant 

processes, the Nyquist plot exhibits a straight line (Figure 3a). 

We can say that the first sub-circuit dominates the region of 

lowest frequencies, the second one dominates low and 

intermediate regions, the third one dominates an intermediate 

region, while the fourth sub-circuit is prevalent for the highest 

frequencies. Moreover, the Warburg behavior is clearly 

predominant over the shunt resistors, which can be quantified 

by means of the ratio AW1/(R2+R3+R4) ≈ 16.53 from Table 1. 

We found out that AW has greater effect at low frequencies till 

around 2kHz. At high frequencies (>1kHz), the model also fits 

very well due to the other three sub-circuits. The three sub-

circuits correspond to three depressed semicircles in the 

Nyquist plot, but due to the high Warburg coefficient, these 

semicircles are not observed in Figure 3b. 

The parameters QC of the constant phase elements 

contribute to the capacitance C’ that varies with frequency, 

whose maximum value is 3.1nF (at 0.1Hz) for the MIM. In 

order to investigate the frequency dispersion for the MIM 

including its modelling, capacitance C’ and loss tangent 

curves defined by equations 3 and 4, are shown in Figure 4. 

In Figure 4a, a significant decay is found in the capacitance 

in the range from 0.1Hz to 100Hz. This dispersion could be 

for a phenomena of formation of charge polarization on the 

nanoparticles surfaces. On the contrary, more stable frequency 

response is observed at frequencies from 100Hz to 100kHz. 

The whole capacitance of the PS layers with nanospheres and 

voids would be expected to be lower than a polystyrene film 

MIM capacitor of the same planar geometry. However, the 

measured capacitance is always higher, so the rate between the 

measured and theoretical capacitance is 11.7 at 0.1Hz whereas 

that at 1kHz the rate is 1.5.  

 
Table 2. Comparison of capacitance and loss tangent: an expected 

theoretical PS film MIM capacitor with our novel PS nanoparticles 

MIM capacitor at room temperature. 

 C’ Tan δ 

Theoretical PS film MIM 

capacitor 

0.26nF (1kHz) 15x10-4 (1kHz) 

Measured PS nanoparticles 

MIM capacitor 

3.10nF (0.1Hz) 

0.39nF(1kHz) 

0.58 (0.1Hz) 

0.13 (1kHz) 

 

Page 5 of 9 AUTHOR SUBMITTED MANUSCRIPT - NANO-121636.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Journal XX (XXXX) XXXXXX Author et al  

 6  
 

 
 

 

Table 2 shows the capacitance of an expected continuous 

PS film MIM capacitor compared to values of the PS 

nanoparticles MIM structure.  We have calculated the 

theoretical capacitance value taking a planar area of 

20.25mm2, an average dielectric constant of 2.55 and an 

average thickness of 1.75 µm. 

The increase in capacitance means a higher presence of 

charges in the nanoparticles MIM capacitor than in a 

conventional film MIM capacitor. We have already noticed a 

singular increase in capacitance with the silica nanoparticles 

[7] [25] in part associated to the humidity and its ions 

contribution, such as free hydrogens and hydroxyls groups 

moving on the silica surface. These charges arise from 

remnants of water molecules deposited by the electrospray 

phase. Therefore, we interpret that space charge polarization 

[20] is due to the free ions at the PS nanoparticles boundaries 

affecting  positively to increase the capacitance specially at 

low frequency range. Nevertheless, as the frequency 

increases, ions cannot follow the electric field, the space 

charge polarization begins to disappear, and the weak dipolar 

polarization, the electronic and atomic polarization [26] that 

occur in the PS interior, remain. 

As it can be seen in Figure 4b, loss tangent decreases with 

the frequency which is not usual in polystyrene film capacitors 

[27] [28]. Furthermore, loss values range from 0.58 to 0.035 

meaning a stronger increment up to 387 times compared to the 

ordinary value found in the literature [11], as it is shown in 

Table 2. We believe that the boundaries between nanoparticles 

produce different conduction paths that are very resistive, 

causing more loss of energy than in a PS film MIM capacitor. 

Normalized powers as a function of the frequency are 

observed in Figure 5. They have a perfect capacitive behaviour 

because reactive power is always higher than active power 

(Q/|S|>P/|S|) since there is not an effective relaxation process 

associated to a space charge relaxation. However, a relaxation 

point (where Q/|S|=P/|S|) could appear below the range of 

investigation. At high frequencies, the normalized powers are 

more separated, which means a better capacitive performance 

because the charges are stored with low loss energy. 

Obviously, the cheminal nature of nanoparticle surface 

tends to allow the moving and orientation of surrounding ions 

and electrons that governing the electrical behavour. For 

instance, we noticed non stable capacitive behavours with 

silica nanoparticles MIMs reported in our former work. 

Paradoxically, capacities density of up to 2.63 µF/cm2 were 

found at 0.1 Hz with silica nanoparticles. Meanwhile, 

capacitive density for the MIM of this work was 15.3 nF/cm2. 

In spite of everything, the capacitance gain factor of this MIM 

is in the same order than nanocapacitors based on nanowires 

[4] (10 times greather than for planar capacitor). 

3.3 Impedance spectroscopy at different temperatures 

Temperature measurements have been  performed at 30ºC, 

40ºC and 50ºC. Table 3 shows the fitted parameters with the 

increase in temperature using the same circuit defined in 

Figure 3c.  

As it can be seen in Figure 6a, a lineal behavior is kept at 

low frequencies exhibiting some noise as a consequence of the 

heating. In the range from 1kHz to 100kHz shown in Figure 

6b, it is revealed that the curve tilts more toward the vertical 

axis as the temperature increases. This happen because Z’ 

decreases and hence, the loss tangent also decreases at that 

frequencies range. For instance, the loss tangent is 0.13 at 

room temperature and at 1kHz as it can be observed in Table 

2, while at 50°C (1kHz), the loss tangent changes to 0.058. 

The circuit model indicates that the reason of the Nyquist 

inclination is mainly due to the increase of the shunt resistor 

R4. We assumed that this parameter belongs to the top contact. 

All shunt resistors and the Warburg coefficient increase in 

value as the temperature increases. However, the increase in 

shunt resistances in proportion to the Warburg is a little 

higher, so the merit factor AW1/(R2+R3+R4) always decreases 

with the temperature: 17.11 for 30°C, 15.76 for 40°C and 12.3 

for 50°C. In our opinion, the charge concentration is reduced 

in the interface contacts due to the increase in temperature that 

produces a decrease in humidity, and therefore, an increase in 

the shunt resistors. In addition, the temperature increase 

produces also an increase in the Warburg impedance. We 

believe that the Warburg coefficient is following a similar 

behavior to the classic ions diffusion [29] in a solution because 

the coefficient has a direct relation with temperature.  

On the other hand, the coefficients QC1, QC2, QC3 and QC4 

showed a little decrease in their values as the temperature 

increases. 

Moreover, a slight decrease in the capacitance associated 

with the merit factor can be predicted by looking at Figure 7, 

where we have plotted the ratio between the measured 

capacitance and the theoretical capacitance at 0.1Hz and 1Khz 

as a function of our merit factor. Similarly, since the space 

charges due to the moisture are evaporated, they can no longer 

contribute with more accumulation of charges. Consequently, 

the capacitance drops with temperature.  

Figure 5. Experimental and modelled normalized powers where 

Q/|S|>P/|S|: (‒○‒) P/S is the measured normalized active power and 

(‒∆‒) Q/S is the measured normalized reactive power. (‒|‒) P/S is the 

modeled active power and (‒x‒) Q/S is the modeled reactive power. 
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Figure 6. Nyquist plots at 30°C, 40°C and 50°C: (a) From 0.1Hz to 100kHz, exhibiting a lineal behaviour with some noise at low 

frequency. (b) Exhibiting a reduction Z’ in the frequency range from 1 kHz to 100kHz. 

 

 
Figure 7. C’ / CTH versus Aw1 / (R2+R3+R4) showing a reduction with the temperature increase: (a) capacitance is measured at 0.1Hz, (b) 

capacitance is measured at 1kHz. 

 
Table 3. Impedance spectroscopy parameters for the modelled polystyrene nanoparticle MIM capacitor at three different temperature T 

(ºC). 

T QC1 α1 AW1 QC2 α2 R2 QC3 α3 R3 QC4 α4 R4 CResist 

°C nFsα-1  MΩs1/2 nFsα-1  MΩ nFsα-1  MΩ nFsα-1  MΩ pF 

30 1.60 0.97 410 2.0 0.94 22 1.3 1.0 1.8 1.9 1.0 0.16 33 

40 1.60 0.97 430 1.8 0.94 25 1.3 1.0 2.0 1.8 1.0 0.29 33 
50 1.40 0.97 500 1.7 0.96 35 1.1 1.0 5.0 1.8 1.0 0.65 33 

 
 

 

Finally, we consider that dipolar polarization effect is 

negligible with the temperature variation, due to the nonpolar 

nature of the polystyrene molecules and because phenyl-

groups are immobilized at temperatures below glass transition 

temperature either for polystyrene film (97°C to 107°C) or for 

PS nanoparticles (67.8 °C) [30].  

4. Conclusions 

A novel polystyrene (PS) MIM capacitor was fabricated 

using 295nm PS nanoparticles as insulator layer. Electrospray 

technique was used to deposit a 1.75 µm average thickness of 

nanoparticles film on an area of 20.25 mm2. This device 

offered a higher capacitance (up to 11.7) and loss tangent (up 

to 387) values than the expected for an equivalent same 

dimensions MIM capacitor with a continuous PS film. This 

high capacitance is attributed in part to space charges localized 

at the nanoparticles interface.  
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Impedance spectroscopy was studied and modelled by a 

modified randles circuit consisting of four sub-circuits. The 

Nyquist plot revealed a straight line without effective 

relaxation points indicating a good capacitive behaviour. 

The temperature study revealed a slight decrease in the 

capacitance in the whole frequency range as the temperature 

increase. Furthermore, an increment of the shunt resistances 

and the Warburg coefficient indicates that the deterioration of 

the metal contacts and the reduction of charge diffusion due to 

evaporation, are the main two facts that contributes to the 

reduction of the capacitance. 

Given the higher presence of charges in the PS 

nanoparticles MIM capacitor than in a conventional film MIM 

capacitor, and the simplicity of the electrospray technique, we 

hope that this work will open up new possibilities for their 

application. The potential of this device can be explored using 

different type of dielectric material as insulator layer. In 

addition, the functionalization of the nanoparticles and the use 

of electrolytes electrochemically compatible with the surface 

of the nanoparticles can improve the overall performance of 

the device. 
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