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ABSTRACT: There is a need to develop more sensitive and cheaper flexible temperature sensors and sensor arrays. In this work, sub-

100-nm thick polyaniline films of different thicknesses and doping content, coated on flexible PET substrates were used to study the

temperature sensing behavior. The material and electrical properties of the films were characterized. The temperature sensitivities,

based on DC measurements, varied with the film thickness and the doping content, with the variations being more pronounced at

lower thicknesses. Higher sensitivities were obtained with thinner films at lower doping levels and these values are significantly higher

than those obtained in commercially available flexible temperature sensors and moreover, these sensitivities could be tuned over a

wider range. A possible mechanism was proposed to explain the experimental results, which was supported by the values of the calcu-

lated phonon frequencies. AC studies were conducted to identify the transport mechanisms and the transport parameters were calcu-

lated. An optimum window of conductivity was needed to obtain high sensitivities and the sensitivities could be tuned by varying the

film thickness and the doping content. These films did not show discernable change in resistance upon bending and could be used

on curved surfaces. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 230–237, 2013
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INTRODUCTION

Measurement of temperature distributions on curved surfaces is

needed in several areas such as electronic appliances, aerody-

namics, automobiles, and medicine. This is achieved by use of

flexible temperature sensors and sensor arrays. The current sen-

sor arrays use silicon1 or thin metal strips2,3 as sensing elements

on a flexible polymer substrate such as polyimide. Use of silicon

sensing elements requires several expensive processing steps nor-

mally associated with silicon processing, and silicon etchants are

known to have a deleterious effect on the polymer substrates.

Similarly, metal deposition often requires expensive consum-

ables. Along with higher costs, there is a critical shortcoming—

reliability, due to mismatch of thermal expansion between the

semiconductor/metal sensing element and the polymer sub-

strate3 which also restricts the temperature range of operation.

Temperatures are also measured by thermochromic films where

temperature changes are observed by a change in color. How-

ever, these are relatively expensive and the color range is lim-

ited. Hence there is need to develop cheaper and more reliable

flexible temperature sensors and sensor arrays. For this, cheap

materials and simpler (and hence cheaper) processes need to be

developed. One such class of materials is conducting polymers,

and in this work, thin (sub-100 nm) films of polyaniline doped

with camphorsulfonic acid (PANI CSA) are used as sensing ele-

ments on flexible polyethylene terephthalate (PET) substrates.

The published works on the dependences of the electrical con-

ductivity of polyaniline on temperature include use of different

forms of the polyaniline sensing elements (drop-cast films or

pellets), different dopants and different blends. It is to be noted

that the literature review provided below is representative and

not exhaustive. Kim et al.4 studied the temperature-dependent

electrical conductivity of pellets (500-lm thick) of polyaniline

doped with dodecylbenzene sulfonic acid (PANI DBSA) and

polyaniline doped with hydrochloric acid (PANI HCl), in the

temperature range 298–498 K. The conductivity increased and

then decreased with temperature which was attributed to ther-

mal assisted protonation and deprotonation. Long et al.5 made

composite drop cast films of PANI CSA and PANI DBSA (film

thickness not reported) and reported a change in the tempera-

ture coefficient of resistance from negative to positive in the

temperature range 120–300 K. Ebrahim et al.6 measured the DC

and AC temperature dependent conductivity of cast films

VC 2012 Wiley Periodicals, Inc.

230 J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38720 WILEYONLINELIBRARY.COM/APP

http://onlinelibrary.wiley.com/


(thickness not provided) of polyaniline/polyvinyl formal blends

with different weight percentages of PANI in the range 100–300

K. The DC conductivity followed the variable range hopping

(VRH) behavior while the AC conductivity was described by

correlated barrier hopping (CBH). Pinto et al.7 studied the

temperature-dependent resistance behavior of PANI doped by

2-acrylamido-2-methyl-1-propanesulfonic acid (PANI AMPSA)

drop cast films (15-lm thick) and pellets and the responses

were attributed to the role of the solvent induced structural

order in the polymer. Prakash et al.8 studied temperature-

dependant resistance measurement of PANI CSA drop cast films

(1.4–5.9 lm thick) and reported nonlinear temperature coeffi-

cients of resistance. Huang et al.9 studied the temperature

dependence of conductivity of tubular and granular PANI

doped by b-naphthalenesulfonic acid (PANI NSA) in the range

77—300 K (film thicknesses not provided). The materials

showed a negative temperature coefficient of resistance and a

one-dimensional VRH behavior was observed. Bhadra and Sar-

kar10 synthesized polyaniline nanorods (100–500 nm) in polyvi-

nyl alcohol (PVA) and the cast PANI-PVA film (thickness not

provided) had a two-dimensional hopping behavior in the

temperature range of 93–300 K. Dutta et al.11 reported the DC

and AC conductivity values of cast PANI–PVA blend films

(thickness not provided) in the temperature range of 80 K to

room temperature. The DC conductivity was explained by the

VRH behavior while the AC conductivity followed the

CBH model. Gupta et al.12 reported the temperature variation

(77–300 K) of DC conductivity of pellets (dimensions not men-

tioned) of composites of PANI nanorods and CuCl2 by the

quasi-one-dimensional hopping model and tunneling model

while that of the AC conductivity was explained by the CBH

model. Sarkar et al.13 reported the DC and AC conductivity of

cast films (thickness not provided) of doped PANI-methyl cellu-

lose blends dispersed in PVA in the temperature range 77–300 K.

The DC conductivity was explained by hopping transport

between the superlocalized states and the AC conductivity was

explained by the CBH behavior. Bianchi et al.14 reported the AC

conductivity of polyaniline films (12-lm thick) which were

explained by the random free energy barrier model. Nazeer

et al.,15 reported solution cast polyaniline films (9.8-lm thick) to

follow the 3D VRH mechanism based on DC measurements and

the overlapping large polaron tunneling mechanism based on AC

measurements. Adams et al.16 reported the conductivity of PANI

AMPSA films (thickness not provided) in the temperature range

15–300 K and showed a transition from a negative coefficient of

resistance to a positive coefficient of resistance with the transition

temperature being a function of the doping content.

As seen above, the temperature sensitivity studies on doped

PANI and PANI blends have done been mostly on samples

(films, pellets) whose thicknesses are in the micron range or

higher. There is limited work17,18 on the study of these films in

the sub-100-nm range. Jin et al.17 characterized the electrical

and thermal conductivities of 55-nm-thick spin-coated polyani-

line (PANI) films doped with different levels of CSA coated on

silicon dioxide substrates. The maximum electrical conductivity

of the film reported was about 65 S cm�1 at about 60% (the

molar ratio of CSA to phenyl-N repeat unit of PANI) doping

level. Jin et al.,18 in another paper, reported 500 and 200%

increase in the in-plane thermal conductivity and electrical con-

ductivity, respectively, as the PANI CSA film thickness was

increased from 20 to 1000 nm. Again, these papers did not

report the temperature sensitivity studies. To the best of our

knowledge, we are not aware of any temperature sensitivity

studies on doped polyaniline films in the sub-100 nm regime.

In the present work, the effects of physical dimensions of the

sub-100 nm films and chemical composition (i.e., doping level)

on the temperature sensitivities of these PANI-CSA films spin-

coated on flexible PET substrates are reported. The transport

parameters are calculated from the DC and AC conductivity

measurements and possible mechanisms for the observed behav-

iors are proposed. The temperature sensitivities obtained from

this work are compared with those obtained in commercially

available flexible temperature sensors.

EXPERIMENTAL

Material and Film Preparation

Polyaniline emeraladine base (PANI EB) was prepared by

chemical oxidative polymerization of aniline (Rankem) in

presence of HCl (Fisher Scientific) by using aqueous solution

of ammonium persulfate (APS) (Fisher Scientific).19 Solution

of aniline in 1M aqueous HCl was cooled below 5�C in an ice

bath. Aqueous solution of APS was then added drop wise over

a period of 1 h to the above solution under vigorous stirring.

The precipitate formed was collected by filtration and then

washed repeatedly with 1M aqueous HCl to remove the resid-

ual monomer and oxidant until the filtrate was colorless. A

very dark greenish precipitate was obtained which provided

visual confirmation of the HCl doped PANI. The HCl doped

PANI was converted to PANI EB by treatment with 1M aque-

ous NH4OH for 4 h and then was washed to neutral with

deionized water. A final washing with acetone removed the

low-molecular-weight organic intermediates and oligomers and

prevented the aggregation of the PANI precipitate during dry-

ing. Then the PANI EB powder was dried in a vacuum oven

(�700 mmHg) for 48 h at 60�C.

PANI EB was doped with different quantities of CSA (Merck).

Three different samples of doped polymers were prepared by

using 0.5 g of PANI EB: with 0.3, 0.5, and 1 g of CSA, respec-

tively. These three samples were indicated by (PANI CSA)0.6,

(PANI CSA)1.0, and (PANI CSA)2.0, respectively and are also

referred to having doping ratios of 0.6, 1.0, and 2.0, respec-

tively. The doping was done in m-cresol solvent by keeping the

mixture stirred for about 6 h and using an appropriate volume

of solvent. The mixture was sonicated for 15 min and then

kept undisturbed about an hour for the heavy insoluble par-

ticles to settle down and then centrifuged (at 10,000 rpm) for

10 min to remove any suspended particles. The solution was

ready to be used for spin coating on the substrates. The poly-

mer solution obtained in the m-cresol was spin coated on

square (2.5 cm � 2.5 cm) PET substrates (180-lm thick) at

different rotation speeds using a spin coater (Apex Instru-

ments, India). The films were then dried at 60�C in a vacuum

oven (at �700 mmHg) for 2 h. Copper strips (2.5 cm � 0.2

cm) were used as contacts.
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Material and Electrical Characterization

Infrared spectra were obtained on KBr pellets using a BrukerTM

Vertex-70 FTIR spectroscope in the range of 4000–400 cm�1

with a resolution of 8 cm�1. UV–visible spectra were obtained

by a PerkinElmer Lambda 35 UV–vis spectrophotometer using

a scan speed of 120 nm min�1 with data interval of 1 nm in

the range of 200–800 nm using a slit width of 0.5 lm. The

elemental analysis was conducted by a Perkin–Elmer CHNS/O

analysis kit. The electron paramagnetic resonance of the doped

polyaniline films was conducted by using a Bruker EMX EPR

spectrometer. The film thicknesses (deposited on glass substrates

for this purpose) were measured by an XP 100 stylus profilome-

ter (Ambios Technology). Experiments for film thickness

measurements were conducted in duplicate with thickness

measurements being conducted at two locations per sample

with the error bars representing one standard deviation about

the mean. Crystallinity of the PANI EB and PANI CSA powders

was examined by XRD (Model ISO Debyeflex 2002). The tem-

perature-dependent DC resistance measurements of the doped

polyaniline films were conducted by a two probe method using

a Keithley Semiconductor Characterization System (model

4200). Four probe measurements were also carried out by using

a Keithley current source (model 2400) and a Keithley voltage

measuring setup (2182A) which gave results similar to that

of the two probe method. The temperature dependent AC

measurements were conducted with an impedance analyzer

(Agilent—4294A) in the frequency range of 100 Hz–5 MHz.

The surface work function of the polyaniline films was meas-

ured by using a Kelvin probe (Kelvin Control 07) having a gold

electrode. A hotplate (Corning PC- 600 D) was used to obtain

the desired temperature of the samples between 303 and 353 K.

The hotplate was set to the desired temperature. The sample

was placed on the hotplate with the PET substrate in contact

with the plate for a sufficient time for the temperature to stabi-

lize, following which electrical measurements were taken. This

was similarly done at different temperatures. The measurements

were taken at increasing temperatures and were conducted at a

relative humidity of about 65%.

RESULTS AND DISCUSSIONS

Material Verification and Characterization

The colors of the solutions of PANI EB in N-methyl-2-pyrroli-

done (NMP) and PANI CSA in m-cresol were deep blue and

deep green, respectively, as has been reported in the litera-

ture.20,21 The polymerization of aniline to PANI EB and doping

of PANI EB to PANI CSA were verified by comparing the FTIR

peaks observed with the peaks reported in the literature.22,23

Polymerization and doping were also verified by comparing the

UV–visible peaks with those reported in the literature.8,24 The

PANI CSA powders were also found to be amorphous (diffrac-

togram not shown) with broad and weak diffraction appearing

at 2y � 10, 15, and 25 degrees indicating that doping induced a

short range ordering in the samples. These diffractograms were

similar to those obtained by Saravanan et al.25

The film thicknesses used with the different doping contents are

shown in Table I. The thickness profile of a typical film (of

thickness 64 nm) is shown in Figure 1. The doping levels in the

Table I. Measured Film Properties and Transport Parameters Calculated from AC Measurements for (a) (PANI CSA)0.6 Films (b) (PANI CSA)1.0 Films

(c) (PANI CSA)2.0 Films

Calculated AC parameters at 1 MHz

Experimental In the range 303–353 K At 303 K

Sample Thickness (nm) r (S cm1) at 1 MHz WH (eV) s0 (s) Rx (nm) N (EF) (/eV cm3)

(PANI CSA)0.6 75 6 3.4 6.909 0.066 6.02 � 10�11 2.94 2.71 � 1023

49 6 3.0 4.557 0.091 2.34 � 10�11 2.94 2.20 � 1023

23.6 6 2.0 3.977 0.099 1.67 � 10�11 2.95 2.04 � 1023

(PANI CSA)1.0 64 6 0.5 11.422 0.046 27.73 � 10�11 2.52 4.74 � 1023

56 6 1.4 10.714 0.063 9.01 � 10�11 2.78 3.77 � 1023

40.7 6 0.7 10.663 0.078 4.79 � 10�11 2.81 3.68 � 1023

(PANI CSA)2.0 75.3 6 1.7 13.626 0.057 13.85 � 10�11 2.67 4.76 � 1023

53.0 6 1.7 13.660 0.060 12.24 � 10�11 2.68 4.75 � 1023

38.0 6 0.3 11.943 0.066 7.06 � 10�11 2.85 3.91 � 1023

Figure 1. Cross-section of a film (obtained from a profilometer) of a film

thickness of about 64 nm.
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different films were verified by measuring the sulfur composi-

tion as sulfur is only external element present in the dopant not

present in the PANI EB prior to doping. The sulfur content was

found to be 5.67, 7.41, and 8.70 wt % for the films indicated by

(PANI CSA) 0.6, (PANI CSA) 1.0 and (PANI CSA)2.0 respectively.

The different values of sulfur weight percentage present in

different doping ratio films also indicated the dopant (CSA)

was used in the limiting case, i.e. a saturation level of doping

was not reached. The presence of unpaired electrons in the

PANI CSA films was indicated by EPR with the g-value calcu-

lated to be 2.0037, confirming the presence of unpaired elec-

trons in the films responsible for the charge transport.26 The

work function of the films was measured by Kelvin Probe and

the values of 4.7–4.8 eV were observed which were in the range

reported in the literature,27 and no significant differences in the

work function of the films were observed for the different dop-

ing ratios used. Figure 2(a,b) show the STM images of the films

for doping ratios of 1 and 2, respectively. The local images

show a random distribution of the (darker) conducting and

(lighter) insulating regions. The presence of relatively darker

regions in the later sample can be attributed to higher doping.

Electrical Characterization

DC Measurements. The films had a linear I–V behavior in the

range �4 V to þ4 V. The resistance of doped PANI depends on

various factors such as the concentration and the nature of

dopant, the doping method for PANI EB, the preparation

conditions of doped PANI, the PANI morphology (degree of

crystallinity) and the influence of the solvent in film formation

of doped PANI. We studied the effect of two factors—the dop-

ing levels and the film thickness, on the temperature sensitivity

of the PANI CSA films. The resistance of the films as a function

of temperature with different thicknesses for the samples (PANI

CSA)0.6, (PANI CSA)1,and (PANI CSA)2.0 are shown in Figure

3(a–c), respectively. In all cases, the films showed a positive

temperature coefficient of resistance with a near linear (R2 val-

ues > 0.9) resistance versus temperature behavior in the tem-

perature range 303–353 K. This is similar to the behavior shown

by metallic films used as temperature sensors but with higher

sensitivities as will be seen later. The DC conductivities of the

films (ranging from about 2–12 S cm�1 depending on doping

ratio) are intermediate to those for metallic and semiconducting

materials.28 In the temperature range used, the phonon

scattering of the charge carriers dominates over any tempera-

ture-assisted hopping transport5 and this explains the positive

temperature coefficient of resistance with temperature. Also, the

absolute resistance of the films increased with decrease in the

doping level due to lower density of charge carriers, as

Figure 2. STM images of (a) (PANI CSA)1.0 and (b) (PANI CSA) 2.0

films. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 3. Temperature-dependent resistances of (a) (PANI CSA) 0.6 (b)

(PANI CSA) 1.0 (c) (PANI CSA) 2.0 films for different film thicknesses.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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evidenced from the sulfur content of the films. Films with dop-

ing ratios <0.6 were not used as the films did not yield linear

I–V curves. For the samples (PANI CSA) 0.6, the temperature

sensitivities (defined as the change in resistance per unit change

in temperature), were 102, 210.4, and 331.6 X K�1 for film

thicknesses of 75, 49, and 23.6 nm, respectively; for the samples

(PANI CSA) 1.0, the temperature sensitivities were 80.1, 115.8,

and 176 X K�1 for film thicknesses of 64, 56, 40.7 nm, respec-

tively; and for the samples (PANI CSA)2.0, the temperature

sensitivities were 62.1, 107.4, and 166.2 X K�1 for the film

thicknesses of 75.3, 53, and 38 nm, respectively.

The data from Figure 3(a–c), recast in Figure 4 show the tem-

perature sensitivities as functions of film thicknesses for differ-

ent doping ratios. For the (PANI CSA)0.6 and (PANI CSA)2.0
films, additional results with film thicknesses up to about 240

nm are shown to emphasize the variation of the sensitivities at

lower thicknesses. The sensitivity is defined such so as to enable

comparison of our films with the commercially available ones.29

At thicknesses below 80 nm, the sensitivity increases and is

strongly affected by the doping level, with decreasing thick-

nesses. This is seen especially for the doping ratio of 0.6 where

sensitivities as high as 330 X K�1 have been measured. This is a

significant result considering that commercial flexible metallic

films provide temperature sensitivities ranging from <1 to a

maximum of about 10 X �C�1; with the sensitivities of plati-

num, copper, nickel, and nickel–iron alloy being in the ranges

of 0.39–3.9, 0.04, 0.67–0.81, and 3.13–9.58 X K�1, respectively.29

Another important result seen from the above plots is that the

temperature sensitivities of these PANI CSA films can be easily

tuned as per requirements, which is almost impossible in metal-

lic films where the processing operations are more expensive. To

characterize the application of the films on curved surfaces,

resistances were measured at various degrees of bending of the

film. The films bent manually from 180� (flat condition) to

about 80� did not show any appreciable change in the resistance

of the films with bending as long as the contacts remained

intact. This is an important property which can be utilized for

measuring the temperatures on curved surfaces. It is to be noted

that the sensitivity can also be defined by other conventions

such as change in resistance per unit resistance per unit change

in temperature. For the samples (PANI CSA)0.6, such tempera-

ture sensitivities were 5.9 � 10�3/K, 6.4 � 10�3/K, and 4.2 �
10�3/K for film thicknesses of 75, 49, and 23.6 nm, respectively;

for the samples (PANI CSA)1.0, these were 6.2 � 10�3/K, 4.8 �
10�3/K, and 4.9 � 10�3/K for film thicknesses of 64, 56, 40.7

nm, respectively; and for the samples (PANI CSA)2.0, the

temperature sensitivities were 3.9 � 10�3/K, 2.8 � 10�3/K, and

1.8 � 10�3/K for the film thicknesses of 75.3, 53, and 38 nm,

respectively. However, as mentioned, we use the definition of

resistance change per unit change in temperature to define the

sensitivity in this work.

A mechanism for explaining the increase in sensitivity with

lower doping levels and decreasing film thickness below 80 nm

is proposed. A schematic of the polymer chains with counter-

ions is shown in Figure 5, where the doping level increases in

the chain from Figure 5(a–c). In these films, the increase

in temperature sensitivity can be correlated with the decrease in

the film conductivity, seen with decreased doping content and

decreasing film thickness. At these ranges of film conductivity,

the vibrations of the counter-ions, which can be considered as

side chains, affect the vibrations of the main chain which con-

trol the charge transport by affecting the level of phonon back-

scattering of the carriers and hence the conductivity.16 The

chains with a lower doping content, being less bulky, are more

responsive to temperature changes in the form of vibrations

and thus show higher temperature sensitivities. Also, as seen

from Figure 4, for a given doping ratio, the sensitivities increase

with the decrease in the thickness. The proportion of chains

Figure 4. Temperature sensitivities of PANI CSA films for different thick-

nesses and doping levels. High sensitivities are obtained at lower film

thicknesses with lower doping levels. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Schematic of the proposed model with relatively (a) lower

doping (b) relatively moderately doping and (c) relatively higher doping.

The chains with relatively lower doping content, being less bulky, are

more responsive to the temperature changes in the form of vibrations.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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near the surface compared to that in the bulk of the film is

higher in thinner films. Surface effects play a greater role in

modulating the resistance of the films and hence the enhanced

sensitivity in thinner films. The effect of film thickness will be

further examined from the AC measurement studies in the next

subsection.

The phonon frequencies were calculated using the linearized

form obtained from expansion of the exponential function in

the expression of the film resistivity (q),30

q ¼ qoe
��hxo

kBT (1)

and neglecting the higher order terms. In the above expression,

qo is the pre-exponential factor, �h is the modified Plank

constant, xo is the phonon frequency, kB is the Boltzmann con-

stant, and T is the absolute temperature. The linearization is

justified as the resistance values obtained was almost linear in

the temperature range studied. The xo values were calculated as

2.58 6 0.18 � 1013 Hz, 2.52 6 0.05 � 1013 Hz, and 1.95 6

0.43 � 1013 Hz, for the doping ratios of 0.6, 1.0, and 2,

respectively. The higher xo values with the lower doping ratios

support our proposed mechanism.

AC Measurements. AC measurements were conducted to have

a better understanding of the charge transport mechanism. The

AC conductivity values for films can be described by a power

law behavior31

rðx;TÞ ¼ Axs (2)

where A is a constant dependent on temperature, x is the angu-

lar frequency, and s is the angular frequency index (with 0 < s

< 1). Figure 6 shows the AC conductivity as a function of the

frequency, f (with x ¼ 2pf) for a (PANI CSA)1.0 film of

thickness 64 nm in the temperature range 303–353 K. The

conductivity decreased with increasing temperature, as was to

be expected from semimetallic films, supporting the DC meas-

urements. The critical frequency, fc, (i.e., the frequency at which

the conductivity increases with frequency) decreased with

increasing temperature. Similar behavior was seen with the

other films (figures not shown). For the same dopant ratio, this

frequency increased with increasing film thickness. For similar

thicknesses, higher fc, values were observed for films with higher

doping levels.

The nature of the temperature dependency of the frequency

component s is different in different models (quantum mechan-

ical tunneling, random free energy barrier, correlated barrier

hopping, small polaron tunneling). The calculated values of the

exponent ‘‘s’’ as a function of temperature for the same film (as

in Figure 6) are shown in Figure 7, which are seen to increase

with increasing temperature thereby possibly indicating a small

polaron tunneling (SPT) mechanism. The angular frequency

exponent s for such a model is described by Gmati et al.32

s ¼ 1þ 4

ln xsoð Þ þ WH

kBT

(3)

where kB is the Boltzmann constant, T is the absolute tempera-

ture, WH is the activation energy associated with the electron

transfer process between a pair of states, so is the characteristic

relaxation time, and x is the angular frequency. Similar behav-

ior was seen in the other films, the plots of which are not

shown here.

The best fitted values for WH and so values at a frequency of 1

MHz were obtained from the plots of 4/(s � 1) vs. 1/T plots

(with R2 values in the range 0.972–0.998) and are shown in

Table I. For a given doping ratio, the WH value increases with

decreasing thickness. For example, as seen in the table, for a

doping ratio of 0.6, the WH values are 0.066, 0.091, and 0.099

eV for the films of thicknesses 75, 49, and 23.6 nm, respectively.

Figure 6. AC conductivity as a function of frequency for a (PANI CSA)

1.0 film of thickness 64 nm in the temperature range 303–353 K. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. The coefficient ‘‘s’’ as a function of temperature for a (PANI-

CSA)1.0 film of thickness 64 nm in the temperature range 303–353 K.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Similarly, for the doping ratio of 1.0, the WH values are 0.046,

0.063, and 0.078 eV for the films of thicknesses 64, 56, and 40.7

nm, respectively. And, for the doping ratio of 2.0, the WH

values are 0.057, 0.060, and 0.066 eV for the films of thicknesses

75.3, 53, and 38 nm, respectively. For a given thickness, the WH

value increases with decreasing doping ratio. For example, at a

thickness of about 75 nm, the WH value increases from 0.057

eV for a doping ratio of 2.0, to 0.066 eV for a doping ratio of

0.6. Similarly, for comparable thicknesses of 40.7 and 38 nm,

the WH value increases from 0.066 to 0.078 eV for a decrease in

the doping ratio from 2 to 1. The so values are in the range

10�10–10�11 Hz and for a given doping ratio (with the excep-

tion of the doping ratio of 0.6), these values decrease with

decreasing film thickness.

Rx, the tunneling distance at a particular angular frequency x,
is given by32:

Rx ¼ 1

2a
ln

1

xso

8>: 9>;� WH

kBT

� �
(4)

where a is the inverse localization length (taken as a�1 ¼ 1.1

nm) with other terms described earlier. The Rx values were in

the range 2.5–3.1 nm (shown in Table I) for all films measured

at a frequency of 1 MHz.

The density of states at the Fermi level, N(EF), can be calculated

from,32

r xð Þ ¼ ce2kBTa
�1 NE Fð Þ½ �2xRx

4 (5)

where, c is a constant taken as p4/24, e is the electronic charge

(1.602 � 10�19 C), and the parameters have been defined

previously. As seen in Table I, the N(EF) values calculated at a

frequency of 1 MHz are of the order of 1023 eV�1 cm�3. For a

given thickness, the N(EF) values increase with increasing doping

ratio. For example, for films of about 75 nm thickness, at a tem-

perature of 303 K, the value increases from 2.71 � 1023 eV�1

cm�3 for a doping ratio of 0.6–4.76 � 1024 eV�1 cm�3 for a

doping ratio of 2.0. This is attributed to increased number

charged carriers with higher doping content and increasing

N(Ef) values with increased doping content in (thicker) polyani-

line films have been reported in the literature.32 For a given dop-

ing ratio, the values decrease with decreasing thickness. For the

doping ratio of 0.6, again at 303 K, the values decreased from

2.71 � 1023 eV�1 cm�3 at 75 nm to 2.05 � 1023 eV�1 cm�3 at

23.6 nm, for the doping ratio of 1.0, the values decreased from

4.74 � 1023 eV�1 cm�3 at 64 nm to 3.68 � 1023 eV�1 cm�3 at

40.6 nm, and for the doping ratio of 2.0, the values decreased

from 4.76 � 1023 eV�1 cm�3 at 75.3 nm to 3.91 � 1023 eV�1

cm�3 at 38 nm. To the best of our knowledge, we are not aware

any other reports on N(Ef) values as a function of the thickness

of polyaniline films. The conductivity values, at a temperature of

303 K and a frequency of 1 MHz obtained from experiments,

used in the calculations are provided in Table I. The AC conduc-

tivity values at a frequency of 1 MHz of the different films,

needed for the calculations here are provided in Table I and are

obtained from the AC conductivity vs. frequency curves for the

different films, one of which is shown in Figure 6.

As is seen from the transport parameters calculated from the

AC measurements, for a given thickness, the WH values decrease

and the N(EF) values increase with increasing doping level, and

for a given doping level, the WH values increase and the N(EF)

values decrease with decreasing film thickness. This behavior is

consistent with manifestation of lowering of film conductivity

with decreasing doping level and decreasing the film thickness.

And these observations support the mechanism proposed to

explain observation of higher thermal sensitivity at lower thick-

nesses and lower doping levels. This suggests that further lower-

ing of the film conductivity could be exploited to obtain higher

sensitivities but as mentioned, further lowering of the doping

ratio did not yield liner I–V curves which made the definition

of resistance difficult. Thus, to use the material as resistive

sensors with thermal high sensitivity, the conductivity should be

low to obtain high sensitivity while still displaying an ohmic

behavior. Thus an optimum window of conductivity is desired

to obtain the maximum sensitivity. Two parameters for control-

ling the conductivity, the doping ratio and film thickness have

been investigated here. While the doping ratio can be consid-

ered a ‘‘coarse’’ knob, the film thickness in the sub-100 nm

dimensions can be considered a ‘‘fine’’ knob. And further lower-

ing of the film thickness can be looked into by considering

other deposition methods. While the numbers calculated here

have an error associated with them due to contribution from

the measurements of the film thicknesses and fitting of the ‘‘s’’

parameters, what is of importance is the relative values of these

parameters which helps understand the role of the doping con-

tent and the film thickness. Further understanding the mecha-

nisms can be looked at by studying the role of the carrier con-

centrations and the carrier mobilities at a wider range of

temperatures and this is a subject of a future work.

Humidity is known to affect the conductivity of these films as

water vapor acts as a secondary doping agent.33 Our experi-

ments were conducted at a controlled humidity of 65%. The

effect of humidity on these films is a subject of another work

and can be minimized by encapsulation.34

CONCLUSIONS

The thermal sensitivities of the thin (sub-100 nm) PANI CSA

films of different thicknesses and doping levels were studied.

Higher sensitivities were obtained in thinner films with lower

doping levels with variations in sensitivities being more pro-

nounced at lower thicknesses. Sensitivities, based on DC meas-

urements, as high as 330 X K�1 were obtained and these are

higher than those obtained from commercially available resistive

flexible temperature sensors. Also, the sensitivities could be

tuned by varying the thickness and the doping level. These films

did not show appreciable change in resistance upon bending

and thus can be utilized for temperature measurements on

curved surfaces. The increase in temperature sensitivities can be

correlated with the decrease in the film conductivities, which

occur with decreased doping levels and decreased film thick-

nesses. The increase in sensitivity with lower doping levels and

decreasing film thickness could be understood based on the

vibrations of the counter-ions affecting the vibrations of the

main chain which control the charge transport and thus
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affecting the level of phonon backscattering of the carriers, and

the relative values of the calculated phonon frequencies support

the proposed mechanism. AC studies showed behavior (i.e.,

decrease in WH values and increase in N(EF) values with

increasing doping ratio at a given film thickness, and increase

in WH values and decrease in N(EF) values with decreasing film

thickness for a given doping level) consistent with manifestation

of lowering of film conductivity with decreasing doping ratio

and decreasing the film thickness which support the proposed

mechanism to explain the observation of higher thermal sensi-

tivity at lower thicknesses and lower doping ratios.
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