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O
pen circuit thermally stimulated current (TSC) and surface charge decay meas-

urements have been carried out on the 30 μm thickness samples of pristine and

iodine doped polymethylmethacrylate (PMMA) to understand the nature of

decaying charge. The samples are thermally charged at different temperatures with dif-

ferent polarizing fields. Both types of charges, hetero- and homo-charges are present

in iodine doped PMMA samples, however, only hetero-charges are observed in pristine

PMMA samples. A double charge reversal from hetero- to homo-charges and homo- to

hetero-charges is observed in few cases of iodine doped PMMA samples. A single

anomalous TSC peak is appeared in iodine doped PMMA when polarized at high field

and temperature. The appearance of anomalous current in the high temperature region

is in agreement with the double charge reversals (i.e., hetero- to homo-charges and

homo- to hetero-charges) observed in surface charge decay study and TSC measur-

ments. This could be explained on the basis of high return rate of the charge carriers

released from the traps. However, this behaviour of TSC is inherent in pristine PMMA

samples. The observed behaviour of surface charge decay and TSC have been

explained in terms of the existence of hetero-charge due to dipole orientation and ionic

space charge drift, together with an injection of charge carriers from an electrode and

subsequent localization in surface and bulk trap.

INTRODUCTION

The considerable progress has been

made both in the theoretical as well

as in the experimental aspects of

charge storage and charge transport

mechanisms in insulating polymer-

ic materials. The work in this field

has progressed in different veins

including dielectric relaxations,

charge trapping and transportation,

thermally stimulated current and

charge decay, etc. The application

of insulating polymers in electrical

industry has increased remarkably

over the past few years and the

information on stabilization of the

hetero- or homo-charges is of inter-

est in several industrial applica-

tions [1-3].
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In spite of continuous increasing attraction, the

mechanisms of charge generation, storage, and trans-

portation within the organic insulating polymers and

the roles of polymer structure on these processes are

still not fully understood. 

The motion of charge on the surface is followed by

atomic force microscopy, using a variety of capaci-

tance probes, interdigitized surface arrays, and 

measurement of the surface charge density and ther-

mally stimulated current [4-6]. This type of measure-

ment also provides some insights into the conditions

which exist on the surface of a high voltage insulator

after charging, either by the application of field and

temperature or as a result of flashover [7]. The rate at

which charges are built up in a polymer sample

depends on the mechanism of charging, e.g., corona

charging, thermal charging, and electron beam charg-

ing. Thus, each case must be treated separately.

In order to obtain more information about charge

storage and transport processes in polymers, surface

charge decay measurements are of great importance,

especially to develop the correlation with other ther-

mally stimulated process like open circuit TSC in

charged samples [8]. The time dependence study of

surface charge often helps to derive shallow and deep-

trapping parameters, together with the trap modulated

mobility within the material [9,10]. The study of time

dependence of charge is of immense importance to

understand the rate of various processes, including

that of the ohmic conduction in neutralization of

space charge due to localization of electronic carriers

in traps and also to verify the possibility of the trap

controlled release of charge carriers and mode of their

subsequent transport through the bulk sample. The

study in PMMA is important due to its excellent

charge storage capability. 

TSC measurement allows the detection of low fre-

quency behaviour as well as the surface charge decay

caused by thermally activated mobility of charge car-

riers. For many applications of polymers and doped

polymers, it is necessary to know the dielectric prop-

erties of material (e.g., insulators and packaging sub-

strates) [11,12]. Polymer films which can be polarized

in an external electrical field find applications as sen-

sors sensitive to mechanical vibrations [13], tempera-

ture changes, or moisture [14]. Further application of

doped materials is found in polymer based field in

transistor sensors [15]. 

The effect of doping is known to play an important

role in the estimation of thermoelectrical properties of

polymers. The doping of iodine in PMMA is likely to

form charge transfer complexes by donor acceptor

interaction between electron donor PMMA and elec-

tron acceptor iodine molecules. 

This paper is devoted to investigate homo- and

hetero-charges in PMMA-I2 doped PMMA samples

using surface charge decay and open circuit thermally

stimulated current measurement techniques. The

results will be presented with respect to the correla-

tion between structural as well as electrical properties

of the polymer. 

EXPERIMENTAL

Materials and Methods

PMMA used in this study was procured from BDH,

England; with weight average molecular weight, Mw

=145,000 g/mol. All samples were prepared by using

the solution grown technique. The solution of particu-

lar concentration was prepared in a glass beaker by

dissolving 5 g PMMA in 100 mL of toluene at room

temperature (30ºC). The solution was then kept for 

24 h to become homogeneous and transparent. The

prepared solution was poured onto an optically plane

glass plate floating on mercury pool and the solvent

was then allowed to evaporate inside an oven at 40°C

for 24 h to yield desired samples. The dried samples

were subjected to room temperature outgassing at 

10-5 torr for a further period of 24 h to remove any

residual solvent. 

PMMA samples thus prepared were like circular

discs of diameter 5 cm. Iodine used for doping was

supplied by Merck, India Ltd. The doping concentra-

tion, in ratio by weight of iodine-PMMA was kept

constant as 1:50 for all samples. One of the surfaces

of the samples was vacuum aluminized over central

circular area of diameter 3.6 cm. Samples after vacu-

um aluminization were thermally polarized with dif-

ferent values of field and temperature. Thermal polar-

ization was carried out by sandwitching the sample

between two aluminium electrodes of the same diam-

eter. The electrode assembly was kept in a digitally

controlled oven with linear heating rate of 3°C/min.
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Figure 1. Schematic capacity probe technique for charge

measurement.

The polarization time (i.e., 2.5 h) was kept con-

stant for all samples. The surface charge on polarized

samples was measured after time interval of 24 h for

the period of 30 days.

For measurement of TSC in an open circuit mode,

the polarized samples were mounted in an electrode

assembly with the non-metallized surface parallel to

the sensing electrode at a distance of 3 mm air-gap

produced, while the metallized surface rested on the

other metal electrode. The details of the assembly for

polarization and TSC measurement are also reported

in literature [16]. Charge measurements were made on

the free surface of the samples using the capacitive

probe technique [9,10]. The schematic of the meas-

urement is shown in Figure 1.

The surface charge density (σ) on the free surface

was calculated by the relation suggested by Sessler

and West [8]:

σ = (VC/A) {1+ (S1×ε)/ (S×ε1)} (1)

where, V, C, S1, S, ε, ε1, and A are voltage, capaci-

tance, thickness of the air gap, sample thickness,

dielectric constant of the polymer, dielectric constant

of free space and area of the probe, respectively. The

results of surface charge and TSC measurments were

reproducible from sample to sample. The maximum

experimental error of the method presently imple-

mented was found to be as ± 5%.

RESULTS AND DISCUSSION

Time dependent surface charge decay characteristics 

Figure 2. Surface charge decay characteristics for pristine

PMMA samples polarized at polarizing field of 0.1 MV/m

and different temperatures. 

for pristine PMMA and iodine doped PMMA samples

polarized at different temperatures (i.e., 25°C, 50°C,

75°C, and 100°C) with different values of  polarizing

field are shown in Figures 2-5. The charges were

measured on the unmetallized surface of the sample

which was kept on the anode side during charging.

The charge first decayed gradually and then stabilized

around after 18 days. Negative charges were found on

the anode side and positive ones on cathode side 

Figure 3. Surface charge decay characteristics for pristine

PMMA samples polarized at 100°C and different values of

polarizing field.
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Figure 4. Surface charge decay characteristics for I2 doped

PMMA samples polarized at polarizing field of 0.1 MV/m

and different temperatures.

hetero-charges) with respect to temperatures for pris-

tine PMMA samples (Figures 2 and 3), whereas hetero-

and homo-charges coexist for I2 doped PMMA sam-

ples (Figures 4 and 5). It was found that in each case

the initial charge has the tendency to increase with

polarizing field and temperature. The isothermal

decay of charge carriers can be attributed to their drift

caused by their own field. Therefore, resultant decay

is caused by external and internal charges. The decay

of external charges (i.e., frictional charges or stray 

Figure 5. Surface charge decay characteristics for I2 doped

PMMA samples polarized at 100°C and different values of

polarizing field.

Figure 6. Open circuit thermally stimulated discharging 

current characteristics for pristine PMMA samples polarized

at polarizing field of 0.1 MV/m and different temperatures.

charges) at the sample surface is relatively higher

compared to the internal charges in initial period of

decay. This has given comparatively higher rate of

decay corresponding to initial higher value of charge

density. However after some days, stray charges at

the surface have decayed completely and the resultant

decay caused by internal charges has gone through

the slow decay process.

The open circuit TSC curves for pristine PMMA

samples and I2 doped PMMA samples poled with dif-

ferent polarizing temperatures and fields are shown in

Figures 6-9. The samples are characterized by single

peak located around 100±10ºC. The observed TSC

has been found to be of the opposite polarity to that

of the charging electrode (Figures 6 and 7). For I2

doped PMMA samples particularly at high tempera-

ture region of TSC, the current was observed to be of

the same polarity as that of the charging electrode.

This is known as anomalous current. In some cases

the polarity of current was again reversed. It may be

due to a high return rate of the charge release carriers

from the traps. The high return rate may exceed the

charge exchange rate of the electrode resulting in its

blocking. The blocking is assumed to cause the

movement of the zero field planes away from the

charge injection electrode, resulting in the separation

of the carrier flow towards the electrode and a net
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Figure 7. Open circuit thermally stimulated discharging 

current characteristics for pristine PMMA samples polarized

at 100°C and different values of polarizing field.

carrier flow away from it, leading to an anomalous

behaviour. 

The classical theory [17,18] for the decay of

charge in polymer samples assumes the superposition

of homo- and hetero-charges. Homo-charge is the

space charge consisting of ion and electrons. Hetero-

charge, on the other hand, is volume charge produced

by either the rotation of dipoles, or by weak  ioniza-

tion. Since the total charge is the sum of homo- and

hetero-charges (i.e., spatial distribution) then if the

observed TSC is due to dipole disorientation, or ion

displacement, during heating processes, the sign of

the discharge current is expected to be of opposite

polarity (i.e., hetero-charge) to that of the charging

electrode. On the other hand if it is due to dissipation

of space charges, the sign of TSC is expected to be the

same as that of the charging electrode (i.e., homo-

charge). It is well known that most of the amorphous

polymers exhibit multiple molecular dielectric relax-

ation process [19] which may be the reason of anom-

alous phenomenon, but any plausible explanation has

not yet been reported, the hetero-charge may be attrib-

uted to the orientation of dipoles. These dipoles orient

in the direction of the electric field by the motion of

segments of the main chain-giving rise to hetero-

charge. This is supported by a linear variation of peak

current (Figures 6 and 7). The molecular motion

increases with polarizing temperature and field,

increasing the number of mobile dipoles. These 

Figure 8. Open circuit thermally stimulated discharging 

current characteristics for I2 doped PMMA samples polar-

ized at polarizing field of 0.1 MV/m and different tempera-

tures.

dipoles may be aligned under the action of the field

and later are freezed in the direction of the field on

cooling. The stronger the field, the greater is the ori-

entation of dipoles. This is an agreement with increase

in initial hetero-charge by increasing value of polariz-

ing agents (Figures 2 and 3). 

In order to observe the dipolar attribution to the

hetero-charge, the activation energy is calculated by

using initial rise method [20-22]. The activation 

energy value for TSC peaks varies from 0.59-0.96 eV.

This implies that hetero-charge cannot be wholly

ascribed to oriented dipoles as reported in our earlier

work [23]. The possibility of dipoles as the sole cause

of hetero-charge is ruled out in the present case. It is

observed that in TSC spectra the peak temperature

shifts with polarizing temperature and field which

could be due to space charge associated with migra-

tion of ion within the material over microscopic dis-

tance. 

The decay of hetero-charge in I2 doped PMMA

samples (Figures 4, 5, 8, and 9) can be explained by

assuming that the localized states are formed between

metal-polymer interface due to the structural disorder

and presence of impurity centres. After the sample

metallization, the requirements of the thermodynam-

ics equilibrium at the metal-polymer contacts 

presume the electron transfer from the metal and an

accumulation layer is formed at the metal-polymer 
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Figure 9. Open circuit thermally stimulated discharging

current characteristics for I2 doped PMMA samples polar-

ized at 100°C and different values of polarizing field.

interface. During the polarization of the sample a new

equilibrium state results at metal-polymer contact.

There are formed new space charge layers whose

mean depth is of the same order of length at the form-

ing temperature. These layers have polarization

charges rather than space charges on the electrodes.

Inside the two space charge layers, there exist two

zero field planes. The movements of the imaginary

charges as well as the charges between the metal elec-

trode and zero field planes give rise to the hetero-

charge. Observed hetero-charge may partly be due to

dipole orientation and partly due to the formation of

space charge accumulated in the traps produced at

metal-polymer interface. 

In Figures 4, 5, 8, and 9, the samples polarized in

high field and temperature are characterized by dou-

ble charge transition (i.e., first hetero- to homo-charge

and then homo- to hetero-charge). When the samples

are polarized with high field and temperature, charge

carriers are produced from the electrode after surface

breakdown and simultaneously free charge carriers

are also produced from the valance band. On cooling

the samples, these free charge carriers are trapped

near the electrodes, forming a charge layer of the

same sign as that of the polarizing electrode to pro-

duce homo-charge. The electrons arising out of

valence band are trapped in the deep electron traps

and the holes in the deep-hole-traps forming a pair of

opposite charges which is oriented by the applied

field. Thus, the hetero-charge involves inside the bulk

of the material [24]. 

The decay of homo-charge in I2 doped PMMA

indicates that the injected electrons are trapping in the

near interface region. Presence of iodine in PMMA

matrix has been found to favour homo-charge forma-

tion in the samples. I2, when doped in the polymer,

may reside at various sites. It may go subsequently

into the polymer chains or reside at the

amorphous/crystalline boundaries and diffuse prefer-

ably through the amorphous regions forming charge

transfer complexes (CTCs) or it may exist in the form

of molecular aggregates between the polymer chains

[25,26]. The possibility of the formation of CTCs may

reduce the barrier at the amorphous/crystalline inter-

faces and provide conducting paths for the charge car-

riers through these boundaries. Such phenomenon

would increase the mobility of carriers during polar-

ization and hence would not favour the carrier local-

ization in traps. However, if the iodine forms molecu-

Investigation of Hetero- and Homo-charges in ... Shukla P et al.

750 Iranian Polymer Journal / Volume 17 Number 10 (2008)

 

Polarizing

field

(MV/m)

Charge released under

TSC peak area

Initial charge density Final charge density

Pristine

PMMA

(×10-12 C)

I2 doped

PMMA

(×10-11 C)

Pristine

PMMA

(×10-9 C/cm2)

I2 doped

PMMA

(×10-7 C/cm2)

Pristine

PMMA

(×10-9 C/cm2)

I2 doped

PMMA

(×10-7 C/cm2)

0.02

0.04

0.08

0.10

3.0

6.7

12.0

20.9

5.2

9.2

24.3

49.5

5

7

14

18

-2.0

-4.2

-8.0

-19.0

0.8

1.8

2.5

3.4

1.4

2.1

-2.1

-6.0

Table 1. Polarizing field dependence of the charge released and the surface charge density.



lar aggregates, then the motion of carriers would be

impeded and the mobility of the charge carriers will

decrease. This seems to be true in the present case,

because iodine doping has been found to favour

homo-charge formation. Iodine is an acceptor type

impurity and it has electron attracting nature, which

may act as a trapping centre for charge carriers. The

conductivity of the iodine doped PMMA (i.e., the con-

ductivity is experimentally measured by the four

probe method) increases by changing the length of the

methyl molecules and results in the formation of

charge transfer complexes (CTCs) [27]. CTCs forma-

tion is the result of interaction between two species,

the strength of which lies between a full chemical

bond and a small orbital overlap. 

Iodine doping in PMMA enhances the surface

charge density and peak current as compared to pris-

tine PMMA. An increase in the temperature and field

of polarization increases the TSC and shifts its maxi-

ma to a higher temperature while iodine doping low-

ers the activation energy of the discharge process as

calculated in the present case. The charge released

under TSC peak area in pristine and I2 doped PMMA

samples have been calculated using Simpson's rule

[28-30]. The charge released and initial/final decay of

surface charge for pristine and I2 doped PMMA sam-

ples are summarized in Tables 1 and 2. It can be clear-

ly observed that charge is released under TSC peak

and surface charge density increases with the increas-

ing values of polarizing field and temperature. This

behaviour indicates that the decay of hetero-charge

and homo-charge is strongly influenced by polarizing

agents and correlates the results of TSC with surface

charge decay study [31].

We have calculated the half-life time (t1/2) of

charges in pristine and I2-doped PMMA samples

using the following relation:

N (t) = N0 e-γt (2)

where, N0, N (t), and γ are initial value of charge,

decay of charge at time t, and decay constant, respec-

tively. Figures 10 and 11 show the polarizing field and

temperature dependencies of half-life time. The half-

life time of the I2-doped samples increases with

increase of polarizing field and temperature and 

finally attain a constant value. However, in pristine

PMMA, it initially increases and attains almost con-

stant value. These characteristics reveal that half-life

time of the I2-doped PMMA samples is greatly affect-

ed by polarizing field and temperature as compared to

pristine PMMA samples due to the formation of

charge transfer complex. These observations indicate

that the polarizing temperature and field determines

the relative capture of charge carriers and escape

Figure 10. Polarizing field (Ep) dependent half-life time

(t1/2).
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Polarizing

temperature

(ºC)

Charge released under

TSC peak area

Initial charge density Final charge density

Pristine

PMMA

(×10-11 C)

I2 doped

PMMA

(×10-11 C)

Pristine

PMMA

(×10-9 C/cm2)

I2 doped

PMMA

(×10-7 C/cm2)

Pristine

PMMA

(×10-9 C/cm2)

I2 doped

PMMA

(×10-7 C/cm2)

25

50

75

100

7.8

14.5

16.9

19.8

9.8

11.7

30.7

52.3

9

10

14

18

-5

-10

-14

-19

0.06

1.50

2.00

3.40

2.6

3.2

-3.0

-6.0

Table 2. Polarizing temperature dependence charge released and surface charge density.



Figure 11. Polarizing temperature (Tp) dependent half-life

time (t1/2).

probabilities from various traps and the tendency to

fill up deeper traps at the higher polarizing field and

temperature causing the half-life time.

CONCLUSION

The decay of charges in polymers does not only

depend upon number of dipoles per monomeric unit

of the material, but also depends on impurity centres

created due to doping. It is concluded that the charge

decay behaviour of PMMA can be understood in

terms of hetero- and homo-charges. Since impurity is

found to control the decay process and promote the

stabilization of both types of charges. The nature of

decaying charges from the surface of polymer is in

agreement with decaying charges through open circuit

TSC and charge released under TSC peak area. The

charge reversal behaviour of the surface charge meas-

urement in I2 doped sample is in agreement with TSC

characteristics. The half-life time is controlled by

polarizing agents and gives some information on fill-

ing the deeper and deeper trapping levels during

polarization.
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