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Abstract  The objectives of this research were to characterize dielectric surface currents under the influence of 

temperature, and low electrical voltages (low electric fields) and the dielectric constant, and dielectric loss during variations in 

temperature and low frequencies of three different materials, namely, commercial paper, pure polyvinyl alcohol (PVA) thin 

films, and multi-walled carbon nanotubes (MWCNT) doped PVA thin films. It was recognized that nano-dopants, 

microscopic structure, and environmental conditions contributed to unique physical properties of these material systems. 

Specifically, electric surface current densities Js were measured on the surface of pure and MWCNT doped PVA thin films, 

and were found, differently than initially surmised, to be produced through ohmic conduction or space-charge conduction, as 

the two are indistinguishable at low voltages yielding a surface-limited conduction phenomenon only. The dielectric constant 

measurements were observed to compare well with the fundamentals of the Cole-Cole equations, and dielectric losses 

resulted from electromagnetic energy loss through phase differences between low-frequency input signals and time varying 

polarization. In addition, both the dielectric constant and the dielectric loss were observed to be highest for MWCNT doped 

PVA compared to pure PVA and commercial paper, and significant variations occurred with frequency and temperature for 

all samples. While both surface-limited and electrode-limited electron conductions may occur when dielectrics and metallic 

electrodes are interfaced, none of the latter outcomes were observed in this research. 

Keywords  Dielectric Surface Currents, MWCNT Doped PVA Thin Films, Dielectric Constant, Dielectric Loss, Ohmic 

Conduction, Space-charge Conduction 

 

1. Introduction 

While it may appear counterintuitive to investigate 

dielectric surface currents, dielectric constants, and the 

electric losses of organic thin films in the same research, we 

have found it advantageous to do so in this study. Our 

rationale originates from the fact that a functional 

understanding of both conduction and insulation properties 

is needed for the efficient use of dielectric materials in 

electronic devices, such as in printed circuit boards (PCBs), 

charge-coupling devices (CCDs), and digital imagers [1-3]. 

These systems require electric currents to exist only along  
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specific conduction paths, while traveling between electrical 

components, and not to occur in an undesignated manner. In 

this regard, as device miniaturization occurs and switching 

speeds increase, the onset of crosstalk currents or 

unaccounted stray moving charges hasten to compromise 

electric circuits [4]. Thus, it is critically important to 

eliminate the causes of electronic device failure before it 

occurs and be able to predict the likelihood of failure by 

understanding the crosstalk phenomenon and other stray 

current issues prior to using a material, whether or not it 

exists in the form of a simple conduct, a dielectric, or a 

material having both behaviors. Otherwise, untimely failure 

or faulty performance is the likely outcome. 

For this research while being cognizant of the many 

anomalies existing in dielectric material measurements via 

the application of parallel plate capacitance [5], we have, 

nevertheless, measured the low-frequency dielectric constant 

and the dielectric loss. The governing equations are: 
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where ’ is the dielectric constant, Cp is the parallel plate 

capacitance, tanδ is the dielectric loss tangent, A is the 

electrode area, d is the thickness of the sample, ” is the 

dielectric loss, and ε0 = 8.854×10-12 F/m is the vacuum 

permittivity. The dielectric constants were determined from 

equation (1) and the dielectric losses from equation (2). All 

measured values have been reported in the below Results and 

Discussion section. 

Regarding the surface current conduction nature of 

dielectrics, it has been suggested that low-level currents may 

exist in ordinary dielectrics resulting from two broad 

categories. Bulk-limited conduction mechanisms, resulting 

from impurities and defects in the dielectric, are the first kind 

of conduction, and electrode-limited conduction 

mechanisms, occurring from electrode origination of charge 

carriers, are the second [6]. Several current conduction 

processes have been determined to depend on the electrical 

properties at the electrodes-dielectric interface, and others 

depend only on bulk-surface-limited conduction 

mechanisms. Complementing the Drude model of simple 

conductors, which has a plasma resonance frequency, table 1 

gives some of the important conduction mechanisms in 

dielectrics [6, 7]. The methods to distinguish between these 

conduction mechanisms are essential since several 

conduction mechanisms may contribute to the total 

conduction current through the dielectric or on its surface. 

Moreover, measuring the temperature-dependent conduction 

currents or the electrical voltage dependence may provide a 

useful method to understand or differentiate the constituted 

currents, since many conduction mechanisms depend on 

temperature and voltages in different ways. In addition, 

electrode-limited conduction mechanisms are implemented 

only at high voltages, as the electrons must be ejected from 

the metallic surface before conduction can occur [6].  

Table 1.  Important Conduction Mechanisms In/On Dielectrics 

Electrode-Limited  

Conduction Mechanisms 

Bulk-Surface-Limited   

Conduction Mechanisms 

1. Schottky emission 1. Poole-Frenkele emission 

2. Fowler-Nordheim tunneling 2. Hopping conduction 

3. Direct tunneling 3. Ohmic conduction 

4. Thermionic-field emission 4. Space-charge-limited conduction 

 5. Ionic conduction 

 
6. Grain-boundary-limited 

conduction 

Source: Reference [6]. 

Perfect dielectrics, with large band gaps, are known to 

have no conduction electrons at zero degrees Kelvin, as the 

valence band is completely filled and the conduction band 

empty at this temperature. Moreover, above zero Kelvins, 

due to thermal fluctuations, some electrons do transition to 

the conduction band and manifest as conduction electrons, 

and owing to the presence of impurities and defects in 

ordinary dielectric materials, additional electrons exist in the 

conduction band. It is the presence of these conduction 

electrons that lead to surface current conduction, and we 

have sought to ascertain the cause of the observed surface 

current measurements in this study. To that extent, we have 

measured dielectric surface currents in the range of 10-9 to 

10-6 amps for low voltages, resulting from Ohmic conduction 

on the surfaces of dielectrics or the equivalent space-charge 

conduction. For thin films, the Ohmic conduction 

mechanism [6] is described by equation (3) 

( )
exp c F

s s c

E E
J E q EN

kT
 

 
   

 
      (3) 

where Js is the surface current density (measured in amp/m), 

s is the electrical conductivity, E is the electric field, q is the 

electron charge,  is the electron mobility, Nc is the effective 

density of quantum states of the conduction band, Ec is the 

energy in the conduction band, EF is the Fermi energy, k is 

the Boltzmann constant, and T is the temperature. Equation 

(3) depicts the linearity between surface current density Js 

and the electric field E. Similarly, in a flat-electrode 

configuration at low voltages, space-charge conduction [6, 7] 

is described by 

0  
V

J qn
d

                 (4) 

where n0 is the concentration of free charge carriers, d is the 

constant distance between the electrodes, and the other 

quantities are as defined above. Equations (3) and (4) show 

clearly the equivalence of Ohmic conduction and 

space-charge conduction, at low voltages, for surface-limited 

conduction mechanisms. In addition, even a perfect 

dielectric, when connected to metallic electrodes, can yield 

surface currents independent of surface-limited conduction 

when strong electric fields (E > 106 V/m) exist, yielding 

current occurring from electrode-limited mechanisms, such 

as Schottky emission or direct tunneling. Moreover, the 

opportunity exists, with high electric fields, to have 

conduction occurring simultaneously from both 

surface-limited conduction and electrode-limited conduction. 

In this study, we have observed only surface-limited 

conduction with a low voltage applied across a concentric 

circular space gap of d = 1/8 inch (3.20 mm). 

On applying 90 - 500 volts to the samples, we measured, 

for pure PVA, MWCNT doped PVA, and for commercial 

paper, surface currents in the range from 10-9 – 10-6 amp. 

Currents in this lower voltage range were of the Ohmic kind, 

while currents resulting from higher voltages suggest charge 

movement from not only Ohmic conduction or space-charge 

but possibly other surface-volume-limited behaviors, such as 

hopping conduction and from electrode-limited conduction 

as well.  

While many studies over the past century have been 
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conducted on bulk conduction [8], only recently has surface 

current conduction began to be considered, partly driven by 

the consequences of miniaturized of printed circuit boards 

(PCBs), and charge-coupling devices (CCDs), where 

crosstalk possibilities are becoming inevitable. Thus, 

knowing volume current conduction was often sufficient to 

meet the application of materials in previous applications, 

the focus has changed to include electrical surface 

conduction, as well [9-11]. To that extent, we have observed 

a surface current density Js when both anode and cathode are 

placed on the same side of a material, contrasted to bulk 

currents, where the electrodes are on opposite ends of the 

sample. In comparison, bulk current density exists through a 

perpendicular area, measured in amp/m2, while surface 

current density exists through a perpendicular length 

expressed in amp/m, and although the two are conceptually 

different, each as a physical quantity pertaining to 

conduction is worthy of being determined.  

In this regard, we previously measured surface resistivity 

as function of temperature of pure and MWCNT doped PVA 

thin films and of Ag nano-particles doped PVA [12-15]. 

Samples of commercial paper were measured as well since 

paper is often used as insulation for circuit components. Our 

calculated surface resistivity values, in the temperature range 

from 20 to 40°C, yielded a pattern of initial decreasing 

resistivity to a minimum value as the temperature increased, 

but began to rise and to continue as such up to the 

experimental limit of our test fixture [14] near 40°C. 

Moreover, MWCNT and Ag nano-particle doped samples 

showed a more pronounced variation in the same 

temperature range than did the pure samples [16, 17].  

However meaningful these results were to understanding 

dielectric surface conduction, they were unable to explain 

fully the surface current conduction phenomenon that may 

exist on the surface of dielectric materials. To consider 

dielectric surface current conduction further, we have 

measured dielectric surface current density Js of pure and 

doped MWCNT PVA thin films samples resulting from 

low-level applied voltages, ranging from 0 to 500 volts. The 

pure PVA and the commercial paper samples results, 

differently than initially surmised, significantly yielded data 

points that matched remarkably well the simple Ohmic 

conduction. In addition, the doped PVA samples matched the 

Ohmic conduction at lower voltages but deviated at higher 

voltages, suggesting possible contribution from other 

surface-limited conduction mechanisms, such as hopping 

conduction. 

Additionally, we have measured the dielectric constant 

and dielectric loss of our samples. The observed results are 

depicted in section 3 for the pure, and MWCNT doped 

samples and the commercial paper.  

2. Experimental and Methods 

Dielectric surface currents, as a function of temperature 

and low applied voltages, have been measured using the 

combined Keithley Model 6517 Electrometer and Keithley 

Model 8009 resistivity test fixture with the Amprobe 

wireless thermometer coupled to a J-type thermocouple as 

shown in Figure 2a. This figure displays all critical 

components of the setup. Humidity, another important 

external factor in surface conduction measurements, was 

monitored with a commercial grade humidifier. 

 

Figure 2a.  Experimental Setup #1, Surface Current Measurements 

In this research, we specified humidity as normally low, 

normally medium, or normally high. All of our reported 

measurements were made at normal medium humidity at 

approximately 70%.   

Figure 2b, below, gives the electrodes configuration of the 

test fixture, depicting the surface current measurement 

method, with a guarded electrode at the top, and two circular 

electrodes at the bottom with the sample sandwiched 

between. The gap spacing d between the electrodes is 1/8 

inch (3.20 mm). 

 

Figure 2b.  Illustration of Current Path with the Sample in Position and 

Concentric-Circles Bottom Electrodes and the single top Electrode 

The mathematical equations of the electrode configuration 

[Keith’s manual] yield the relationship between voltage V 

and inner R1 (= 25.4mm) and outer radius R2 (=28.6mm) as 
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where s is the surface density, Is is the surface current. 
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Also, the surface current density is needed that is given as  

1

.
2

s
s

I
J

R
                  (8) 

Equation (7) yields the calculated electric field E at the 

inner radius electrode when known voltage V is applied, and 

d = 3.20 mm is the constant distance between the electrodes, 

allowing equation (8) to give the surface current density at 

the inner radius R1. 

Figure 2c shows the commercial paper thin film sample, 

the pure PVA, and the MWCNT PVA sample as prepared 

from the convention evaporation technique to make PVA 

thin films [19]. 

 

Figure 2c.  Pure and Doped PVA Films and Commercial Paper 

 

Figure 2d.  Experimental Setup #2, Dielectric Constant, Dielectric Loss, 

and Other Electrical Measurements 

Figure 2d gives the experimental setup that was used to 

measure the dielectric constant and dielectric loss as a 

function of temperature and frequencies. See reference [15] 

for details of its components. 

3. Results and Discussion 

3.1. Dielectric Surface Currents 

 

Figure 3a.  Doped Sample: Current Density Js Vs. electric field, E(r=R1) 

 

Figure 3b.  Undoped Sample: Current Density Js Vs. electric field, E(r=R1) 

 

Figure 3c.  Commercial Copier Paper: Current Density Js Vs. Electric Field, 

E(r=R1) 

Figure 3a gives the dielectric surface current density Js as a 

function of electric field at the inner radius E(r=R1) for the 

MWCNT doped PVA thin film at 24°C. The graph is linear 

over the span of the electric field supporting the ohmic 

conduction mechanism. Similarly, Figures 3b and 3c provide 

comparable results for the pure PVA film at 25°C and the 

commercial paper at 21°C, respectively. In comparison, the 
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surface current density MWCNT doped PVA is larger over 

the range of electric field than for commercial paper film or 

the pure PVA, indicating a greater number of charge carriers 

in the conduction band of the doped material. The voltage 

range was from 0 to 420 volts for all samples used, and while 

Figure 3a – 3c, visually depict straight-line results, linear 

regression fitting further confirms the observed outcomes, 

especially at low electric fields. 

3.2. Dielectric Constant and Dielectric Loss 

Chemical and mechanical stability properties of materials 

with low processing cost have extensive applications in the 

electronic industry such as the multilayer ceramic substrate 

for electric devices in integrated circuits, magnetic disk 

substrate for high storage capacity, and sensor technology. 

Figures 3d and 3e show the variations of the dielectric 

constant and dielectric loss versus frequency at different test 

temperatures. 

 

Figure 3d.  Variations of the Dielectric Constant Vs Frequency at Different 

Temperatures 

 

Figure 3e.  Variations of the Dielectric Loss Vs Frequency at Different 

Temperatures 

From both figures, it is evident that the dielectric constant 

and the dielectric loss decreased sharply with increasing 

frequency when measuring frequency lower than 1 KHz at 

all test temperatures, but decreased slowly when frequency 

ranged from 1 KHz to 1 MHz. The reduction of the dielectric 

constant with increasing frequency may be attributed to that 

the ionic and orientation polarization gradually becomes 

weakened or disappeared with increasing frequency, and the 

decrease of the dielectric loss with increasing frequency was 

mainly due to ions migration polarization loss, and the 

electronic polarization loss may exist at low frequency, 

while at higher frequency variation in charge or ion 

vibrations may be the only source of the dielectric loss 

[20-25]. The MWCNT doped sample showed the highest 

dielectric constant and dielectric loss compared to other 

samples, which may be due to the amount of increased 

interstitial dopant in the sample. The increase of the ε was 

larger for the MWCNT doped PVA compared to pure PVA.  

Figures 3f and 3g show that the dielectric constant and the 

dielectric loss are increasing with an increase in temperature. 

 

Figure 3f.  Variations of the Dielectric Constant Vs Temperature at 

Different Frequencies 

 

Figure 3g.  Variations of the Dielectric Loss Vs Temperature at Different 

Frequencies 

The values of the dielectric constant and the dielectric loss 

were only in the range of 15 - 35 and 0.5 - 5 respectively, 

which is close to the reported values. When the temperature 
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increased from 40°C to 70°C, the value of the dielectric 

constant increased in the range of 20 - 35 and the dielectric 

loss increased in the range of 1 - 5. Thus, the temperature has 

a significant influence on the dielectric properties of these 

materials. The increase of the dielectric constant with 

temperature was attributed to the increase of electronic, ionic, 

and orientation polarizability with increasing temperature, 

and the increase of the dielectric loss with increasing 

temperature was due to a rapid increase of the relaxation loss 

and the conduction loss with increasing temperature. The 

temperature and frequency have significant influence on the 

dielectric properties of these samples. The dielectric constant 

and dielectric loss of composite materials decreased with 

increasing frequencies, and the dielectric constant and 

dielectric loss increased with temperature. Based on 

preliminary results, it is evident that all the samples are 

functional and variation in molecular mass PVA powder 

yielded changes to the dielectric constant and the dielectric 

loss. The addition of MWCNT dopants enhanced the 

dielectric properties by increasing both the dielectric 

constant and the dielectric loss, which can be attributed to the 

amount of the interstitial dopant being deposited in the thin 

films. 

Samples doped by SWCNT show the highest dielectric 

constant and dielectric loss compared to the other samples 

due to the amount of the interstitial dopant. 

4. Conclusions 

While the ohmic conduction or space-charge conduction 

emerged as the dominate mechanism in contributing 

conduction electrons in surface-limited conduction behavior, 

in all samples, of pure PVA, MWCNT doped PVA, and 

commercial paper, other surface-limited mechanisms were 

contributing at higher electric fields for MWCNT doped 

PVA and commercial copier paper. No electrode-limited 

conduction processes were present in our samples. 

Additionally, MWCNT doped PVA samples showed the 

highest dielectric constant and dielectric loss compared to 

other samples considered. Moreover, preliminary results 

indicate that all the samples were functional and variation in 

molecular mass PVA powder yielded changes to the 

dielectric constant and the dielectric loss. More studies will 

be necessary to deduce the additional cause(s) of surface 

current conduction other than ohmic or space-charge 

conduction, of the observed increases in the dielectric 

constant and dielectric loss values due to MWCNT dopants 

in PVA thin films, and of the observed variations of the 

dielectric constants with changes in the molecular mass of 

the PVA powder. 
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