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Abstract The electrical transport and photoconductivity

of pure and iodine-doped cellulose fibers have been stud-

ied. The studies were conducted in the temperature range

293–363 K, while the electric field was varied over the

range 1–100 V cm-1. The conductivity of the iodine-

doped cellulose fibers shows significant enhancement by

more than four orders of magnitude as compared to

undoped samples. The analysis reveals that the electrical

conduction follows Ohm’s law for iodine-doped samples,

while for the undoped samples the bulk-limited Pool–

Frenkel conduction mechanism is likely to dominate for the

steady state current. Especially, the clear photoconduction

response at UV and visible region indicates that photo-

conduction is essential due to band-to-band electron–hole

pair’s generation and that doped CF is a good conductor of

photogenerated carriers.

Introduction

Electrical conduction in polymers has been studied exten-

sively during the past two decades to understand the

nature of charge transport in these materials [1–3]. The

elucidation of the charge injection and carrier migration

processes will become essential for the future use of these

materials. The conduction mechanism is mainly charac-

terized by the transport parameters, such as charge carrier

density and charge carrier mobility. Considerable interest

has been shown on the effect of doping on the transport

properties of polymers [4–6]. Chemical, photochemical, or

electrochemical doping is used to introduce extrinsic

charge carriers into organic semiconductors [7–9]. Depend-

ing on their chemical structure and the way, in which they

react with the macromolecular matrix, doping substances

decrease the resistivity of the polymers to different degrees

[10].

The natural cotton fibers offer wide possibilities in this

regard. These cellulosic fibers (CFs) may be considered to

be polycrystalline materials with much smaller particle size

and relatively larger fraction of grain boundaries. More-

over, the CF is supposed to have different morphology with

respect to processing conditions [11]. The reason for such a

variation, even though these are made up of same chemical

units, lies in the fact that the number of inter- and intra-

weak hydrogen bonds like C–H���O, O–H���O, and N–H���O
determines the extent of ordering in the CF [12]. As the

processing conditions vary, the morphology of the resulting

cellulose fibers may change. This will lead to the change in

the physical properties of the resulting materials [13].

Many research groups have been studying these modifi-

cations using different approaches which include a variety

of chemical treatments, grafting, couplings between fiber

and matrix, and physical coverage of the fibers by a

polymer sleeve [14]. Most studies have been focused on in

situ polymerization to produce conductive cotton fabric

since this method does not require the destruction of the

substrate and provides reasonably good conductivity [15].

Its electrical conductivity and charge-storage capability can
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be markedly influenced by doping of the physical covered

cotton fabric with suitable impurities. These fabrics are

used for industrial applications, such as filters, as well as

home and business applications, including electrostatic

dissipating and electromagnetic interference shielding. The

microwave absorption characteristics of these fabrics are

also highly desirable, thus allowing these materials to be

used in military applications such as camouflage and radar

protective fabrics for stealth technology. Although much

progress has been made in studying to produce conductive

fabric, understanding the relationship between charge

transport, morphology, and chemical structure is still a big

challenge. The mechanism of electrical transport in CFs is

also of considerable interest in view of the number of

possible technical applications of such fibers. To the best of

our knowledge a photoconductivity of the iodine-doped CF

has not been reported so far in the literature, thus no picture

is available with respect to charge transport phenomena.

The present article reports the results of steady state

conduction current measurements on alkali solution-treated

pure and iodine-doped cotton fibers with metallic elec-

trodes. The purpose of this study was to carry out a careful

investigation of the steady state conduction in pure and

doped CF elucidating, (i) the action of dopants molecules

in modifying the conduction characteristics of the polymer

matrix when they are doped in various concentrations, (ii)

the mechanism of charge carrier transport which depends

on both the temperature and electric field, and (iii) the

effect of doping on the photophysical properties. It is

known that, through chemical and/or mechanical iodine

doping, polymeric materials can be generated with elec-

trical conductivities that vary over a wide range from

insulator to metallic like materials [16–18].

Experimental

Scouring of cotton

First, 1 g of raw cotton is weighed to prepare pure and

doped fibers. Cotton should undergo washing before

starting the operation for doping process. After washing,

cotton fibers are placed in bath with 20% NaOH solution

for 2 min at temperature below 15 �C. The product is

removed out of the bath, rinsed at several times with water,

and dried in standard conditions of 65% relative humidity

at 20 �C. This operation leads to an increase in stability of

cotton goods and absorption of reagents, and both these

characteristics are effective in doping with conductive

polymer processes. The isothermal immersion technique

was utilized to prepare doped samples. Iodine was dis-

solved in ethanol at the 5% concentration. Mercerized

fibers were immersed vertically into the solution for a

period of 15 min. After the fibers were taken out and were

annealed in the air at 70 �C for 6 h to reach the equilibrium

state.

The specimens (1.0 9 0.5 9 0.2 cm3) with silver elec-

trodes were sandwiched between two tungsten electrodes

of a special temperature chamber. The low current of

nanoampere level I–V characteristics in the dark and upon

UV illumination (at 254 nm) was measured under air using

Keithley 617 electrometer. The measurements were carried

out on metal–cotton and fiber–metal structure with current–

voltage (I–V) and current–time (I (t)) methods in the tem-

perature range 293–363 K and at electrical field range

1–100 V cm-1, respectively. The temperature was mea-

sured using a copper constantan thermocouple in perfect

contact with the specimen.

Results and discussion

Conductivity of the pure and doped samples

Current as a function of voltage and temperature has been

studied in pure and iodine-doped cellulose fibers. Upon

first applying a voltage across a pure CF, extremely small

currents were obtained. The current never exceeded

10-9 A up to a voltage of 100 V. The conductivity was

calculated by measuring the current flow through a piece of

the sample as follows r = I (l/SV), where l (cm) is the

sample length, S is its area (cm2), V is the potential across

the materials, and I is the observed steady state current. The

specific electrical conductivity of the pure CF is found to

be around 7.8 9 10-10 X-1 cm-1 at room temperature.

The other form of conductivity can be expressed as [19]

r = R qi ni li, where ni is the charge carrier density and li

is the charge carrier mobility. Inserting the values of the

conductivity (*8 9 10-10 X-1 cm-1) and the average

mobility (*10-3 cm2 V-1 s-1) [20] into the above equa-

tion, the number of the charge carrier contributing the

electrical conduction in this bias range was found to be

n0 * 1010 cm-3. Given the large energy gap of about

3.3 eV, a low value n0 is understandable. In contrary, the

steady state current values for doped samples are higher

than those found for pure CF at the same operating tem-

peratures and electrical fields. The conductivity of the

fibers increased on doping with iodine by more than four

orders of magnitude and was found to be 5.6 9

10-6 X-1 cm-1 at room temperature. Thus, the number of

the calculated charge carriers was also increased

from *1010cm-3 to *1014 cm-3. The conductivity

increasing can be explained as follows. When dopants

molecules are present they will start bridging the gap

separating the two localized sites and lowering the poten-

tial barrier between them, thereby facilitating the transfer
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of charge carriers between two localized states. This

behavior may occur because charge transfer complexes are

formed in the polymer effectively decreases the trapping

effects by ‘‘handing on’’ the carriers. From this, we can be

deduced that the conduction enhancement with increasing

electrical field is apparently due to the gradual increase of

bulk generated free carrier density.

Temperature–current characteristics

To better understand the conduction mechanism of cellu-

lose fibers, we have performed the two-point probe con-

ductivity measurement on pure and doped samples during

heating and cooling cycles between room temperature and

363 K. Figure 1 shows the current at 100 V obtained from

a pure sample as a function of temperature. The current

versus 103/T has been plotted for the both CF samples to

evaluate the activation energies (Fig. 1). It can be seen that

the current at a given voltage increased with increasing

temperature and characterized by two slopes. In the low

temperature region below 323 K, there is a slight change in

conductivity, while in the high temperature region there is

a rapid change in conductivity. Since there is a positive

temperature coefficient of electric conductivity for both

regions, the samples have a semiconducting character. This

phenomenon has also been observed for cotton fabrics by

several other research groups [21, 22]. Cellulosic materials

are excellent electrical insulators when dry, contain a large

number of traps and exhibit structural deformations at

certain transition temperatures [13]. Therefore, the com-

plex morphology of the conducting polymers has made it

difficult to determine the intrinsic conductive behavior.

Consequently, the exponential relationship between the

conductivity and temperature is related to the charge carrier

generation, not only due to the intrinsic band transition, but

also to some other thermally activated processes. The

conductivity behavior of such fibers may be dominated by

the properties of the amorphous regions, the presence of

which gives rise to localized states. The fact that mercer-

ized CFs are considered as mixed crystalline (cellulose I or

cellulose II) and/or an amorphous cellulosic phase, the

increase in conductivity at high temperatures may be

attributed to the liberation of electrons or ions through the

amorphous regions of polymeric materials. Bailey et.al

[23] showed that the onset of molecular motion increases

the conductivity of the polymer by helping the charge

carriers to escape from and transport to localized states

such as surface and bulk dipole states, molecular ion states,

impurities, chain ends and branches, and crystalline-

amorphous boundaries. In our view, the existence of two

activation energies could plausibly be correlated with the

presence of mixed crystalline (cellulose I or cellulose II)

and/or an amorphous cellulosic phase. The electrical

transport is, therefore, likely to be influenced by the

potential barrier and in homogeneities due to the grain

boundaries.

From Fig. 1 (inset), it can be seen that upon iodine

doping the general trend of the conductivity–temperature

dependence is similar, i.e., curves have the same positive

temperature activated behavior, like in undoped CF. The

room temperature conductivity of doped samples before

and after temperature dependent measurements remains

essentially unchanged, which shows clearly that annealed

samples are very close to the equilibrium state and exhibit

good air stability at elevated temperatures. The obtained

activation energies in the temperature range (50–100 �C)

were found to be 0.68 eV for the pure CF and 1.03 eV for

the doped samples in the same temperature range, respec-

tively. It indicates that at high doping level the I2 molecules

induces the additional disorder and the high concentration

of hopping centers are created. The dopant molecules are

considered to act as additional trapping centers and provide

links between the polymer molecules in the amorphous

region, thus resulting in the formation of charge transfer

complexes. Because there are many localized states, the

release or excitation of the carriers in these states domi-

nates the conduction process. According to Dwyer [24],

there exist shallow traps of low energy range and deep

traps of higher energy range in the samples. The shallow

traps exist below the continuum of free levels, while deep

traps lie between conduction and valence bands. At suffi-

ciently low temperatures, electrons are trapped deeply, but

with increasing the temperature they get excited and leave

the deep traps to enter into the shallow traps or conduction

band and take part in the process of conduction under the

influence of the applied field. The low values of activation

energy for the investigated samples (0.68 eV) [25] are

usually indicative of the predominance of electronic

Fig. 1 Arrhenius plot for leakage current versus temperature for the

undoped and (inset) iodine-doped CF
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conduction, while higher values at lower temperature point

to the participation of ionic conduction.

Current–voltage characteristics

The current flowing through the undoped and doped sam-

ples as a function of applied voltage was measured while

maintaining the sample at constant temperatures of RT.

During the leakage current–voltage measurement, it was

observed that the leakage current decreased about 5–7%

with time after first applying the voltage, particularly for a

leakage current level *10-10 A. A higher electric field

gives a shorter time to reach the steady state current. This

change in time dependence suggests the initial and later

current are due to different conduction mechanisms.

The temporal decay of the currents is probably due to

absorption current caused by the dipole orientation, elec-

tron traps in the bulk of the sample, and charge accumu-

lation in the vicinity of the electrode or ionic conduction,

caused by internal charge drifts, resulting in a decrease of

the effective electric field in the bulk of the sample [19].

Because relaxation time is usually independent of electric

field, the observed decay is, therefore, not due to the dipole

orientation. On the other hand, the ionic conduction also

will not be considered is due to that charge transport

requires mass transport, the supply of carriers is depleted

and the current density must be observed to decrease rap-

idly as several coulombs are passed through the sample.

Therefore, we look beyond dipole orientation and ionic

conduction for the origin of the charge carriers for the pure

and doped CF, such as electrode effects (Schottky effects)

or bulk effects (Pool–Frenkel).

The isothermal log I–V plot, at room temperature, for

the undoped and doped samples is shown in Fig. 2 and

inset, respectively. Two slopes are observed for the

undoped sample. The plots show a linear behavior with

appreciable deviation from linearity at lower fields. In this

case, the slope value at low field is around 0.6, but at high

fields, is about 0.85. This indicates that the current–voltage

relationship is non-ohmic in all investigated region. After

doping (Fig. 2, inset), the log I–V plot displays on Ohmic

behavior (the slope is *1) and increases linearly with V,

being consistent with results reported by other groups. For

the both samples these results cannot be explained on the

basis of space-charge limited current, as the slope for this

type of mechanism is around 2 [26]. The other possible

mechanisms are (a) charge carrier injection into the film

from the contact via field-assisted lowering of the metal–

insulator potential barrier, i.e., Schottky-Richardson (SR)

emission, and (b) release of charge carriers from traps via

field-assisted lowering of trap depth, i.e., Poole–Frenkel

(PF) effect. The current–voltage relationship for SR

emission is given by [26]

I ¼ A � T2 exp �Us=kT þ bSR V1=2
� �

ð1Þ

where, A* is the effective Richardson constant, bSR ¼
1=kTð Þ e3=4pe0edð Þ1=2

is Schottky-field lowering constant,

Us is the metal electrode-insulator potential barrier, T is

temperature, K is Boltzmann’s constant, e0 is the permit-

tivity of free space, e is the high-frequency dielectric

constant of the material, d is the length of the sample, and

V is applied voltage. Equation (1) predicts a linear rela-

tionship between log I and V1/2 with a slope bSR at a

constant temperature. The PF bulk-limited process also

predicts a linear relationship between log I and V1/2 similar

to Eq. (1) with bSR replaced by bPF and Us replaced by

UPF—which is trap depth. Theoretically, bPF = 2 bSR.

The log I versus V1/2 for the undoped and doped CF is

shown in Fig. 3 and inset, respectively. The results for high

Fig. 2 Voltage dependence of leakage current in the form of

a log I–V plot for the undoped and (inset) iodine-doped CF
Fig. 3 The log I as function of V1/2 for undoped and (inset) iodine-

doped CF
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fields are reasonably well represented by straight lines,

while the data for low fields deviate from the straight line.

Moreover, the slope value of log I versus V1/2 at lower

voltages (i.e., the deviated straight line) for the doped

sample is higher than that for the undoped sample. The

higher value of the slope at lower voltages can be explained

on the basis of space-charge buildup at the electrode, which

enhances the field at the electrode and leads to the high

slope of the log I–V1/2 curve. This suggests that the charge

carrier generation is basically from the electrodes which

are indicative of SR mechanism. At higher voltages, charge

carriers injected by lowering the electrode-insulator

potential barrier because of which the field at the electrode

is reduced, and the slope of the log I–V1/2 plot approaches

the theoretical value. At higher voltages, the linear

behavior of log I–V1/2 plot in this study points to an elec-

tronic-type conduction mechanism. In order to differentiate

between SR emission and PF effect, the values of b were

calculated from the slopes of log I–V1/2 plots, and the

experimental as well as the theoretical values of b are

shown in Table 1. For undoped films, the experimental

value of bexp is closer to the theoretical value of bPF. This

suggests that the charge conduction is through the Poole–

Frenkel mechanism. In this case, the emitted current is due

to the thermal excitation of trapped electrons into the

conduction band which is enhanced by an external field. In

polymers, surface states, chain folding, molecular disor-

ders, crystalline-amorphous boundaries, and chain ends

may act as trapping sites. In addition, many polymers

contain polar groups where each dipole can act as an

electron or hole trap. The charge carriers trapped at these

sites may be excited and contribute to the total conduction.

In fact, this type of mechanism has also been observed in

other types of polymers [19, 26].

Charge separation effects in the photoconductivity

The I–V characteristics in the dark and upon UV illumi-

nation were measured under air using 30 W halogen lamp

as light source. Figure 4 shows fully-ohmic I–V character-

istic curves of the CF measured in the dark (1) and under

UV illumination (2), at RT. The measured average dark

current of the CF linearly increased to 0.1 lA as the bias

increased from 0 to 10 V. Upon UV illumination (254 nm),

the photocurrent (PC) jumped to 0.62 lA at 10 V bias,

indicating a photosensitivity and photocurrent to dark

current ratio of 6. To stimulate the photoresponse in doped

CF, we used a set of LEDs at different energies from UV to

visible range. As seen in Fig. 4, inset under white, yellow,

and green light illuminations, PC increases less than 5–7%,

while for red and UV illumination, the photoresponse is

about 21 and 500%, respectively. Fundamental (band-to-

band absorption) takes place in the UV. This indicates that

photoconduction is essentially due to band-to-band elec-

tron–hole pair’s generation. From the technological point

of view, these results also suggest that doped CF is UV

photodetectors with response in the UV and visible region.

For the undoped samples, typical conductance values were

always below 0.1 nS, and any significant photoresponse

was observed after UV illumination. The present observa-

tion of enhancement of photoconductivity in CF upon

iodine doping can be explained by the photo-induced

charge transfer between I2 molecules and the polymeric

network [27]. Such a tendency is unique to organic poly-

mers and could be related to the carrier generation and

exciton diffusion processes as well as the charge separation

processes. As discussed by Cheng et al. [28], the

improvement of the charge generation efficiency rather

than carrier transport is believed to be the dominant factor

in the enhancement of the photoconductivity. Moreover,

Khare [9] reported that the percentage of UV absorption of

the doped cellulose films becomes higher than that of the

undoped films, increasing with increase of the dopant

concentration. This suggests that the electron transfer from

CF to iodine is energetically favorable in the ground state,

which is consistent with the increasing of the absorption

spectrum and the electrical conductivity in CF by iodine

Table 1 Theoretical and experimental values of b for undoped and

I2-doped cellulose fibers

Sample bSR

(experimental)

bPF

(experimental)

b
(theoretical)

Undoped CF 0.114 0.228 0.222

I2-doped CF 0.124 0.248

Fig. 4 Dark and photocurrent versus forward bias voltage for iodine-

doped CF under UV light (maximum intensity at 254 nm) illumina-

tion. Inset: Photoresponse of the iodine-doped samples under different

light illuminations
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doping. Hence, upon illumination by visible light, gener-

ation of free charge carriers takes place mainly inside the

organic matrix. The doping effect of iodine depends on the

appearance of the photoresponse at red illumination region,

can be interpreted due to photoexcitation of electrons from

the ground state of iodine to the excited state and followed

hole tunneling into the CF chain. Especially, the clear

photoconduction response at 2.0 eV indicates that doped

CF is a good conductor for photogenerated carriers.

Conclusions

In conclusion, the electrical conduction current of pure and

doped CF fibers is measured as function of time, electric

field, and sample temperature. The experimental results

were analyzed and fitted to the theoretical curves for sev-

eral conduction mechanisms. We found that the conduc-

tivity of the fibers increased on doping with iodine by more

than four orders of magnitude, and the Ohmic conduction

mechanism is likely to dominate for the steady state cur-

rent. The observed substantial conductivity enhancement in

iodine-doped CF can be attributed to two factors: the

higher conductivity of doped CF due to the increased

number of the charge carriers and the gradual increase of

bulk generated free carrier density. The dopant molecules

are considered to act as additional trapping centers and

provide links between the polymer molecules in the

amorphous region, thus resulting in the formation of charge

transfer complexes. Comparing the experimental as well as

the theoretical values of b for both the Schottky and Poole–

Frenkel mechanisms we have found that for the undoped

polymer fibers, the Poole-Frencel mechanism is the main

conduction mechanism. Especially, the clear photocon-

duction response at UV and visible region indicates that

photoconduction is essentially due to band-to-band elec-

tron–hole pair’s generation and explained by the photo-

induced charge transfer between I2 molecules and the

polymeric network.
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