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Abstract 
Pure and doped Polyvinylidene difluoride (PVDF) films, for the detection of infrared radiation, 
have been well documented using the mechanism of pyroelectricity. Alternatively, the electrical 
properties of films made from Polyvinyl Alcohol (PVA) have received considerable attention in 
recent years. The investigation of surface resistivities of both such films, to this point, has received 
far less consideration in comparison to pyroelectric effects. In this research, we report tempera-
ture dependent surface resistivity measurements of commercial, and of multiwall carbon nano-
tubes (MWCNT), or Ag-nanoparticle doped PVA films. Without any variation in the temperature 
range from 22˚C to 40˚C with controlled humidity, we found that the surface resistivity decreases 
initially, reaches a minimum, but rises steadily as the temperature continues to increase. This re-
search was conducted with the combined instrumentation of the Keithley Model 6517 Electrome-
ter and Keithley Model 8009 resistivity test fixture using both commercial and in-house produced 
organic thin films. With the objective to quantify the suitability of PVDF and PVA films as IR detec-
tor materials, when using the surface resistivity phenomenon, instead of or in addition to the py-
roelectricity, surface resistivity measurements are reported when considering bolometry. We 
found that the surface resistivity measurements on PVA films were readily implemented. 
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1. Introduction 
Applications of dielectric films based on properties of such materials have been an important topic in electronics 
and the semiconductor industry for scores of years. Moreover, predicting the level of electrical currents in such 
materials has been desirable in devices ranging from metal-oxide-semiconductor field effect transistor (MOSFET) 
in integrated circuits (ICs) to infrared radiation (IR) detectors [1]-[3]. In addition to bulk property considerations, 
understanding the surface properties [4] [5] of such films has become extremely important in recent years, oc-
curring simultaneously as MOSFETs have become much smaller in size. To that extent, the development of ap-
propriate surface configured thin films and testing the electrical current on the surfaces of such films have be-
come the focus of this investigation.  

We have determined the surface resistivity characterization of PVA dielectrics to be a particularly important 
physical phenomenon to investigate owing to its probable use in sensor science or even in IR detection likening 
to that of the PVDF material that we have studied previously [6]-[9]. Moreover, in this study, we have included 
measurements on commercial and doped PVA films, with either MWCNT or Ag-nanoparticles as dopants [10] 
[11], while no measurements have been reported here on PVDF films. 

Theory of Electrical Conduction in Dielectrics 
A dielectric is a material in which electrons are very tightly bonded to nuclei, but not so tightly bonded that 
some energetic electrons cannot be detached from nuclei at higher temperatures [12]-[18]. Moreover, through 
the dielectric polarization, the electric charges in dielectrics do respond to applied electric field and can produce 
electric currents in such fields. In this regard, dielectric materials are nearly insulators in which the electrical 
bulk and surface resistivity are extremely large and the energy band gaps, as well, are also corresponding large. 
In general, the value of energy band gap of insulators is established to be larger than 3 eV to 5 eV [3] [14]. Al-
though not all dielectrics are insulators, all insulators are typical dielectrics, and at 0K, the conduction band is 
empty and the valence band is filled. In this regard, there is no carrier for electrical conduction. When the tem-
perature is larger than 0 K, some electrons will be thermally excited from the valence band and also from any 
existing donor impurity level to the conduction band. These electrons, the thermally excited electrons, will con-
tribute to the current transport of the dielectric material. Similarly, holes will be generated by acceptor impuri-
ties and excited electrons in the valence band should leave vacancies. The conduction current of insulators at 
normal applied electric field will be very small because their bulk resistivities are inherently large, on the order 
of 108 to 1020 Ω⋅cm; however, dielectric conduction current is observable when a relatively large electric field is 
applied. These observable conduction currents owe their existence to one of more of a large number of different 
conduction mechanisms, and the conduction currents can be critical for the application of the dielectrics in elec-
trical devices. For example, the tunneling dielectric of flash memories, the gate dielectric of MOSFETs, and the 
capacitor dielectric of dynamic random access memories are all of primary importance to IC applications. In 
each of these cases, the conduction current must be lower than a certain level to meet the specific reliability cri-
teria under normal operation of the devices. 

To measure the observed current through dielectric films or on the surface of the films, one must use a sample 
testing device. Presently, two types of device structures are used in sample testing: one type is metal-insulator- 
metal structure, which is called the MIM capacitor or the MIM diode, and the second kind is the metal-insula- 
tor-semiconductor (MIS) capacitor [3]. In the MIM capacitor, the asymmetry of the electrical properties, when 
the top and bottom electrodes are made of different metals, is a feature that must be considered, since different 
metals generally lead to different work functions, and thus result in different metal-dielectric interface barriers. 
The main parameters in this type of measurement are the barrier height of the metal-dielectric interface and the 
effective mass of the conduction carriers. The MIS capacitor, the second type for sample testing, is the most 
useful device in the study of dielectric surfaces. Moreover, the structure of the MIS capacitor is inherently 
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asymmetric, and the user must be cautious about the voltage drop across the layers. If the MIS capacitor can be 
biased in such a way that the semiconductor surface is in accumulation of charges, the voltage drop across the 
semiconductor is minimal, and most of the voltage will be applied across the dielectric film; but, if the semi-
conductor surface is in a depletion or inversion condition, a voltage drop will occur across the semiconductor 
and then this voltage drop needs to be considered in calculations of the electric field across the dielectric film. 
The testing device of this investigation is the MIM capacitor type, consisting of the combined Keithley electro-
meter and Keithley resistivity test fixture. 

Among the currently existing conduction mechanisms, some have been determined to depend on the electrical 
properties at the electrode-dielectric contact and others depend on the bulk-limited conduction mechanisms or 
transport-limited conduction mechanisms of the material itself. Table 1 gives some important conduction me-
chanisms in dielectrics. The methods to distinguish these conduction mechanisms are essential because there are 
several conduction mechanisms that may all contribute to the conduction current through the dielectric or on its 
surface at the same time; however, measuring the temperature dependent conduction currents may afford us a 
useful method to know the constitution of the conduction currents, since several conduction mechanisms depend 
on the temperature in different ways. 

The electrode-limited conduction mechanisms are thought to develop from the electrical properties at the 
electrode-dielectric contact, and the most important parameter in this type of conduction is the barrier height that 
occurs at the electrode-dielectric interface [6] [7]. The current due to thermionic emission is highly dependent on 
the temperature, but the tunneling current is nearly temperature independent. In addition to the barrier height at 
the electrode-dielectric interface, the effective mass of the conduction carriers in dielectric films is also an im-
portant factor in the electrode-limited conduction mechanisms. On the other hand, the bulk-limited conduction 
mechanisms are thought to develop from the electrical properties of the dielectric itself. The most significant 
parameter in this type of conduction mechanism is the trap energy levels in the dielectric films. Owing to the 
bulk-limited conduction mechanisms, some important electrical properties in the dielectric films can be ex-
tracted, such as the trap spacing, the trap energy level, the trap density, the electronic drift mobility, the dielec-
tric relaxation time, and the density of states in the conduction band. 

2. Experimental and Methods 

2.1. Sample Preparation 
2.1.1. Making PVA Thin Films 
The method to prepare a 4% polyvinyl alcohol solution as a processor to the PVA thin film, the following steps 
are used: Heat 100 ml of water or water and ethyl alcohol (50/50) to 88˚C - 90˚C, in a beaker to just under the 
boiling point of water. Once the solvent is heated, lightly sprinkle 4 grams of the polyvinyl alcohol into the sol-
vent while continuing magnetic stirring. Add the polyvinyl alcohol particles slowly so that each particle is “wet-
ted” thus allowing each particle to go into solution, while still stirring magnetically and being cautious to not 
overheat the mixture (Overheating the mixture will cause the solvent to evaporate too quickly, and an undesira-
ble thick gooey mass of wet polymer will settle out and stick to the wall of the beaker). It takes about 15 minutes 
to make the 100 ml gel-like solution. Next, the dopant is added as needed and the mixture is dispersed into a 
 

Table 1. Important conduction mechanisms in dielectrics. 

Electrode-Limited Conduction Mechanisms Bulk-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 [3]. 



M. Edwards et al. 
 

 
918 

pre-selected size petri disks to allow the films to form, which takes more than 3 days. As determined, the dopant 
in the solution can be detected as is done for Ag nano-particle in the uv-visible spectrograph in Figure 1(b). In 
this regard, dielectric thin films samples have been prepared with the solvent evaporation procedure as shown in 
Figure 1(a) and Figure 1(b). 

2.1.2. Making Large PVDF Thin Films 
The PVDF thin film are prepared from casting a gel-like solution of PVDF in a mixture with methyl ethyl ke-
tone (MEK) and allowed to dry followed by pressing the precursor material to release stress when achieving 
large diameter PVDF thin films [7]-[20]. 

2.2. Experimental Setup 
In addition, for testing purposes, we selected as the measurement system the combined Keithley Model 6517 
Electrometer and Keithley Model 8009 resistivity test fixture with the Amprobe wireless thermometer when us-
ing the J-type thermocouple as shown in Figure 2(a) and Figure 2(b). Humidity, another important factor in 
surface resistivity measurements, was monitored with a commercial grade humidifier. In this research, we speci-
fied humidity as normally low, normally medium or normally high. All of our reported measurements were 
made at normal medium humidity at approximately 70%. 

What is the relevant feature to measure the surface resistivity using the combined Keithley electrometer and 
Keithley test fixture? Here, we give a brief review of the procedure: for all such conducting dielectric materials, 
the relations between surface resistivity and the surface current for Keithley concentric ring probe test fixture, a 
surface current density is defined in the area between the two rings [4] [5] [19]. Then through knowing the sur-
face current density, it is possible to find the electric field between the electrodes rings. In this regard, the sur-
face current density sJ  for this circular configuration is determined as 

2π
s s

s
I I

J
C r

= =                                      (1) 

where C  is the total perpendicular length to the radial current sI , r is the radius of total the perpendicular cir-
cle, varying from the inner electrode radius 1R  to outer electrode radius 2R . It is assumed that all the currents 
flow between the electrodes along the surface and do not penetrate into the bulk of the material. Ohm’s law de-
scribes the relationship between the surface current density J , the surface resistivity sρ  and the surface elec-
tric field E  as 
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(a)                                                       (b) 

Figure 1. (a) Image of samples; (b) UV-VIS spectrograph of Ag-nano-particles in PVA film. 
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(a)                                                            (b) 

         
(c)                                                             (d) 

Figure 2. (a) Experimental setup; (b) Interior view of fixture with commercial PVA film; (c) Illustration of current path with 
sample and electrodes; (d) Close-up showing circular electrodes. 
 

s
s s

V
ELJ

ρ ρ
= =                                      (2) 

where L  is the radial distance between the two concentric electrodes. Now, when combining Equation (1) and 
(2), the voltage V  between the electrodes is given by 

2 2

1 1

2

1

d ln
2π 2π

R R s s s s
R R

I I RV E r
r R

ρ ρ  
= = =  

 
∫ ∫                            (3) 

Finally, upon solving for the surface current sI  with 1 57.2 mmR =  and 2 85.7 mmR = , we get that 

2

1

2π 53.4
ln

s
s s

V V ohm
I IR

R

ρ = =
 
 
 

                              (4) 

Thus, the measurement of sI  for a given voltage V  gives a method to obtain the surface resistivity, sρ . 
Through using the combine Keithley electrometer and Keithley resistivity test fixture, we have measured sur-

face resistivities as a function of temperature in a limited range above room temperature. Resistivity measure-
ments were made on commercial PVA thin films, on the Ag-nanoparticle or the MWCNT doped polyvinyl al-
cohol (PVA) thin films, and on the copier-paper thin films. Our measurements indicated significant temperature 
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dependence for each sample type. The results showed a large variation in the resistivity with a characteristic be-
havior of decreasing in resistivity in the lower temperatures to a minimal value followed by a rapid increase in 
resistivity from that point forward to the end of our measurement range. Also, we have determined cubic tem-
perature dependence from fitting the data. The observed variations are more pronounced with Ag-nanoparticles 
and MWCNT doped thin films as compared to commercial PVA and copier-paper thin films. All resistivity val-
ues of our PVDF films, in our present experimental setup, were too high relative to doped PVA for accurate 
measurements. Figures 2(a)-2(c) show our setup, consisting of a combined Keithley electrometer and Keithley 
test fixture, with the Amprobe wireless thermometer. Figures 3(a)-3(d) and Table 2 give the observed temper-
ature dependent measurements. 

3. Results and Discussion 

Figures 3(a)-3(d) show the temperature dependent surface resistivity measurements of PVA for the commercial 
films, the doped Ag nano-particles or the doped MWCNT and the copier paper films. All of the resulting graphs 
have the same characteristic behavior: the surface resistivity is only slightly high at low temperatures, but de-
creases initially as the temperature increases reaching a minimal value where upon the surface resistivity in-
creases as the temperature continues to increase to our experimental limit of 40˚C. No temperature dependent 
measurements were possible on PVDF films in our existing measurement configuration, thus realizing an upper 
limit 1014 Ω or higher. Temperature sensors are readily suggested by our preliminary data with PVA thin films, 
but additional considerations are needed to consider other sensor-types. Also, the production of larger PVDF 
thin films (those greater that 2.5” in diameter) that are free from internal stress has been elusive to our effort but 
remains a task to be completed. Also, we have the added task of being able to achieve uniform dispersion of do-
pants in the mixture during the film formation phase. 

 

  
(a)                                                   (b) 

  
(c)                                                           (d) 

Figure 3. (a) Surface resistivity graphs of commercial PVA film and copier-paper; (b) Surface resistivity graphs of Ag nano- 
particle and MWCNT; (c) Surface resistivity of combined samples; (d) Surface resistivity commercial PVA film with curve 
fitting. 
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Table 2. Surface resistivity data for commercial PVA films, Ag nano-particles PVA films and MWCNT PVA films. 

Temp 
(˚C) 

Surface Resistivity  
Commercial PVA (109 Ω) 

Temp 
(˚C) 

Surface Resistivity 
Ag-Nano-particle (109 Ω) 

Temp 
(˚C) 

Surface Resistivity 
MWCNT (109 Ω) 

Temp 
(˚C) 

Surface Resistivity 
Paper 109 Ω 

23.1 0.21 23 15.02 23.3 645.97 24.7 11.18 

23.8 0.21 24 5.52 24.2 431.03 25.7 8.58 

24.3 0.21 25 3.41 25.5 173.50 26.7 6.41 

24.9 0.00 26 2.63 26.3 93.14 27.7 5.79 

25.6 0.24 27 3.43 27.5 42.42 28.7 4.07 

27.7 0.21 28 5.11 28.6 28.52 29.7 3.41 

29.7 0.29 29 13.35 29.5 23.39 30.7 4.53 

30.7 0.50 30 5.17 30.5 24.58 31.7 6.41 

31.7 0.55 31 10.45 31.5 23.33 32.7 7.63 

32.7 0.57 32 538.79 32.4 41.43 33.7 8.58 

33.7 0.73 33 1065.63 33.6 78.27 34.7 11.44 

34.7 1.05 34 1313.11 34.5 168.63 35.7 14.56 

35.7 1.30 35 2010.88 35.4 322.55 36.7 24.03 

36.7 2.14 36 3291.78 36.5 658.36   

37.7 3.56   37.5 961.20   

38.7 6.43   38.6 1728.78   

    39.4 2542.86   

4. Conclusions 
The preliminary experimental results obtained from this investigation can be summarized as: 
• PVA thin films, doped and commercial, can be developed with the solvent evaporation method. 
• PVDF thin films can be developed from the solution casting technique, yet the production of larger, stress 

free PVDF films, remains as an ongoing task for us. 
• The combined system of Keithley Model 6517 electrometer, Keitley Model 8009 test fixture and the am-

probe thermometer can be used readily to measure surface resistivity of commercial PVA films, Ag na-
no-particle or MWCNT doped PVA films and copier-paper films, but cannot in the present configuration be 
used to measure the surface resistivity of PVDF films. 

• Surface resistivity of Ag nano-particle doped PVA films is generally higher in value than that of commercial 
PVA and varies the most in the temperature range from 22˚C to 40˚C, followed in order of decreasing to 
MWCNT and copier-paper. 

• A cubic polynomial fits our data extremely well, thus suggesting the existence of competing conduction 
mechanisms during temperature changes in such dielectrics. 

• The application surface resistivity of PVA as a temperature sensor is readily apparent, but its application as 
other sensor-types remains to be determined. 

• Further study is needed on PVA to ascertain the surface resistivity temperature dependence in other temper-
ature ranges, and to determine conduction mechanisms that are involved as a function of temperature. 

• Further study is needed on PVDF films to ascertain surface resistivity properties more conclusively that what 
are reported here. 
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