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Abstract. The charge-transport behaviour in pure and chloranil (Chl) doped ethyl cellulose (EC) system has
been studied by measuring the dependence of current on field, temperature, electrode material and dopant con-
centration. The role of doping molecular concentration in the polymer matrix and modification in the conduc-
tion characteristics are studied. Lowering of the activation energy due to doping was observed. The current was
found to increase with an increase in the chloranil concentration. An explanation for this has been attempted on
the basis of formation of molecular aggregates between chloranil molecules and ethoxy groups of ethyl cellu-
lose. It is suggested that chloranil occupies interstitial positions between the polymer chains and assists in
carrier transportation by reducing the hopping barriers. The current-voltage characteristics of different sam-
ples are analyzed using space charge limited current theory and quantitative information about the transport
parameters is derived. The values of effective drift mobility and trapped charge carrier concentration which
result in the build up of space charge have been calculated.

Keywords. Electrical transport; ethyl cellulose; chloranil; charge transfer complex; molecular aggregates;
Richardson—Schottky; Poole—Frenkel; space charge limited current.

1. Introduction of conduction and the role of impurity in these systems is
not known to any degrees of certainty. The carrier mobi-

The transport of electric charge across the surfaces lity can be greatly influenced by impregnating the poly-

insulators is a topic of considerable technical interest, baters with suitable dopants (Khare anddsi1994; Khare

one in which the mechanisms involved are poorly undeet al 1997a, 1998b).

stood in general. The elucidation of the charge injection The present paper describes the electrical transport in

and carrier migration processes will become essential fthe ethyl cellulose (EC)—chloranil (Chl) system observing

the future use of these materials (Shrivastatval 1979; the variation of current under different conditions of

Khare and Srivastava 1992). The study of electrical corpoling temperatures, electrode materials, thicknesses and

duction is of considerable significance from two majorChl concentrations.

points of view—firstly, for its own sake, because charge

transfer characteristics are of fundamental interest and

secondly for the information studies can provide on th2. Experimental

nature of electrical contacts, which may have a great

influence on the measured electrical properties. The charg?nw cellulose (EC) and an electron acceptor chromato-
storage property of polymers can be considerably modiyaphically purified chloranil (Chl) doped EC films were
fied with the help of suitable dopants (Khateal 1998a).  geposited onto cleaned vacuum aluminium coated glass
The broadest method that can be applied to enhance ¥\@tes by isothermal immersion of the substrates into a
conductivity of polymeric material is the formation of frash solution of well-stirred mixtures of 3.0g of EC
molecular aggregates or charge-transfer (CT) complex&g. 30 m| of chloroform at room temperature for 10 min.
The electrical conduction behaviour of a number of poWUsing the same technique, we also prepared Chl doped
mer CT complexes and molecular aggregates has bee@ fims under identical conditions from solutions of
investigated recently (Khare and Sindl994; Laxmi- \ye||-stirred mixtures of 3-0 g of EC and Chl in chloro-
Narayanaet al 1994; Khare and Chandok 1995a; Khar&orm. The doping concentration was changed by varying
and Jain 1997; Upadhyast al 1998), yet the mechanism the amount of Chl added to the solvent such that the total
volume of the solvent and the Chl was always 30 ml.
Although samples with differentlopant concentrations
*Author for correspondence were investigated, only the results for two types of
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samples are reported here. The samples doped to theThe high-field electronic conduction mechanism com-
lower concentration of Chl (1%) and higher concentratiomonly discussed for various films are space-charge limi-
of Chl (4%) were designated as &d B, respectively. ted conduction (SCLC), Richardson-Schottky (R-S),
The further increase in the dopant concentration does nBbole—Frenkel (P-F) emission and tunneling of carriers
result in increase of the current. The films were dried anishto or via traps (Lamb 1967; Simmons 1970). In order to
determined to be 20 um thick, by measurement of theirestablish the dominant mode of conduction in a particular
capacitance. After the film deposition the glass slide wa®aterial, one has to look into the detailed analysik-gf
wrapped in an aluminium mask. When exposed to alwdata of the material in terms of the theoretical considera-
minium/silver/copper in vacuum, the metal was depositetions available for different types of processes.
on the film. Thus, a sample in the sandwich structure was The |-V characteristics follow the relationship of
obtained. The activation energies for the undoped samplée form logl vs (field)’> and thus predict either the
(= 0-63 eV in the lower temperature region and 0-52 eV iRichardson—Schottky (R-S) limited mechanism from
the higher temperature region) were found to be decreastd electrodes or the bulk-limited Poole—Frenkel (P—F)
as a result of Chl doping (to 0-58 eV; 0-43 eV anéffect. The latter effect is caused by thermal ionization
0-55 eV; 0-40 eV for lower and higher Chl concentrationgf trapped electrons from donor-like centres in the pre-
respectively). A d.c. power supply EC-4800 and a Keithlegence of an external field. If one considers the RS or PF
600B electrometer were used to apply the desired electdenission as the dominant mode of conduction then
field and record the current. Measurements were madke current density follows the relation (Lamb 1967;
at thermostatically controlled temperatures in the rang8immons 1970)
313-363 K.

| =1, exp(B EY2/KT), (1)
3. Results and discussion

Figure 1 shows the current-voltage-\{) characteristics
of undoped and chloranil (Chl) doped ethyl cellulose (EC)

samples. At the lower concentration, the current wa 2 T 263K
found to be lower. As the dopant concentration wa: -7 “cu-Ee, chi-Al
increased, the current was found to increase. The effect LCA «
electrode materials oV characteristics of undoped and 6 1

Chl doped EC matrix (all taken at 323 K) has also bee b

placed in the same figure. The magnitude of the currel

was found to be higher in dissimilar electrode combina 2

tions than similar electrode system. TIh& curves show ‘—08

two regions of conduction, i.e. ohmic conduction at lowe! ]

fields (< 20 kV/cm) and a non-ohmic conduction at highe! 6 4

fields (> 20 kV/cm) for the undoped and doped samples Lo+

Figure 2 shows thé-V characteristics for undoped and

doped films of different thicknesses. Curves 1 to 5 corres 2

pond to thicknesses 30, 25, 20, 15 and 10 um, respe -9

tively. It is seen from these curves that there are distinctl :

two regions. Further, the transition voltagg)( at which < 6

the non-ohmic behaviour starts appearing is seen 1. *

depend on the thickness of the film. ©
The above results indicate that with the increase ¢ € 1o

temperature, the probability of thermal ionization of
the trapping centres increases thus causing a shift in tl LOWER DOPED
quasi-Fermi level, which gives rise to a lowering of the HIGHER DOPED
barrier across which electrons have to be transported al T . : REMAINING PURE
the conduction becomes more or less ohmic. At lowe
fields, the injection of carriers from contact is less and th
initial current is governed by the intrinsic free carriers in 10 L1y | ! |

the materials. The current will be ohmic until the injectec ! 23 57100 2 4 7102

free carrier density becomes comparable with the the FIELD (kv /cm)

mally created carrier density. However, at SUffICIentIyFigure 1. Current—voltage characteristics of pure and Chl

higher fields, the carriers are mainly due to injected spacgped ethyl cellulose films with similar and dissimilar electrode
charges (Khare and Chandok 1995b; Kretral 1998a). systems.
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the mechanism. Consequently, graphs are plotted between
log ! vs (field)? (figure 3) using three different pairs of
electrodes (i.e. Al-Al, Al-Cu and Al-Ag). The plots
trace a separate straight line. Further, by interchanging
the + ve and — ve electrodes the current was found to be
unchanged. The value of high frequency dielectric con-
stant was calculated by using (2). It was found that on
substituting the value ofzs, €> 10 and on substituting
the value ofBpr, €> 17. However, as the reported value
2) for EC is= 3-00 (Market al 1965); such a large discre-
pancy in the obtained and reported values ofiled out
whereg, is the permittivity of vacuumA the Richardson’s the possibility of RS or PF mechanisms governing the
constant,g, the low field conductivity andE the applied high field currents.
field, i.e. E =V/d. Equation (1) suggests that the plot of In the present case, in the high field conduction region,
log | vsE*? should be a linear one having a slopg8tidT.  the |-V characteristics have a slope of > 2 and we suggest
The value off was estimated from such graphs. Table hat the region is governed by space-charge-limited cur-
gives the theoretical values of R-S coefficierfigs{ and rents (SCLC). This is because, when th& data are
P—F coefficients f-F) along with the experimental values analyzed with the mathematical details available for SCL
of B for different pair of electrode combinations. Evidentlycurrents, a correspondence between theory and experi-
the experimental values lie between the two theoreticahental values is observed.
values. Thef,,, values complicate the interpretation of In a trap-free solid, the space charge limited current
results in terms of either of these mechanisms. Jonsch&CLC)l, is given by (Lampert and Mark 1970)
and Ansari (1971) wgest that the basic difference
between the two processes (one is electrode limited while
the other is not) may be successfully utilized for selecting
where L, is the effective drift mobility of the carriers,
the relative dielectric constant of the solAlthe area of
the sampled the thickness of the sample avidhe app-
lied voltage. In presence of shallow traps only a fraction
of the carriers injected from the contact will be free, the
remainder will be immobile within the traps. The ratio of
free carriersn to trapped ones, is constant and inde-
pendent of the applied voltage. In this range, the cufrent
is given by (Lampert and Mark 1970)

where

I, = AT? exp(-@kT) for RS,
and

lg =0, V/d for PF,

and the constants

Brs = (e¥/4TEe,)"? =1/2 Ber,

lo = (10 B ueAV?)/d?, (3)

THICKNESS

=01, (4)

_n_HNG B E
o7 ENTEQX'OD kT @’ ©

where N, is the effective density of states in conduction
band and\; represents the concentration of shallow trap-

LOG I (AMP)

Illllll

” P=PURE
P= LOWER DOPED
B~ HIGHER DOPED

Lol o daail

3 45678000 2 3 456789102
FIELD (kv/cm)

ping levels which are all assumed to have equal energy so
that they are situateH, eV below the bottom of conduc-
tion band.

Conduction in polymers is explained not on the basis of
band theory but in terms of the existence of mobility edge.
Charge carriers are free to move only when they possess a
certain value of mobility. If the charge carrier is near the
bottom of conduction band, it is in the delocalized state
and requires no thermal activation. However, if it is in the
localized trapped state, it requires thermal activation and
mobility increases with the increase in temperature (Ran-

Figure 2. Current-voltage characteristics for undoped and chieet Singhet al1997). The mobility values obtained in the
doped ethyl cellulose films of different thicknesses.

present polymer are well within the limits of measured
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Table 1. Theoretical values of Richardson—Schottky coefficighys) and Poole—Frenkel (P—F)
coefficient alongwith the experimental valuesfof

Theoretical
Electrode Temp. Brs Ber Experimental3-values
systems (K) 1021 JM1/2 V—1/2 1021 JM1/2 V—1/2 1021 JM1/2 V—l/2
313 4.-768 9-536 6-829
323 6-523 13-046 9.857
333 7-125 14-250 10-543
Al-Al 343 8-066 16-132 12-667
353 8-997 17-994 13-689
363 9-117 18-234 14-114
10—20 JMl/Z V—1/2 10—20 JMl/Z V—1/2 10—20 JM1/2 V—1/2
313 6-442 12-884 9.857
323 7-179 14-358 10-014
Al-Cu 333 7-892 15.784 11-312
343 8-023 16-046 12-444
353 8-563 17-126 12-999
363 9.222 18-444 13-764
313 7-234 14-468 10-854
323 7-997 15-994 11-111
Al-Ag 333 8-256 16512 12447
343 9.345 18-690 14-875
353 9.957 19-914 15-789
363 10-634 21-268 17-412
iy ,4_3237( departure from Ohm’s law in high field occurs as a result
—h 36

P,=LOWER DOPED

LOG 1 CAMP)

P, - HIGHER DOPED REMAINING PURE

6

5
< FIELD
Figure 3. Log| vs «/field plots.

\!
(kv/cm

of active barrier perturbation even in the absence of ther-
mal and chemical effects (Khae¢ al 1994). Space charge
limited currents set in at that voltagé at which the
intrinsic current equals the SCL current. Thus,

2
Nee B‘/—‘H=10‘13 €0 [t
0 uel]d 0 nue d3

V, =10 nyed?(£6)*, (6)

whereng is the concentration of free carriers before injec-
tion. Thus, the voltage at which deviation from ohmic
behaviour takes place is a measure of the density of the
normal volume-generated carriers.

The trap concentratioX, is defined by

_2&g,
Ny = _ed2 VreL ()

where e is the electronic charge and (trap-filled
limit) is the upper limit of the voltage at which sufficient
charge has been injected into the insulator to fill the traps.
Using the experimental value ¥§g., N; was calculated to

mobilities in polymers (Wintle 1971; Davies and Lockbe 8-765 x 1 cni®. The values ofs, andn, have been

1973).

calculated for different thicknesses and are listed in table

At higher fields (figure 1) the change of slope can b8&. It is seen from table 3 that the charge carriers which
taken as an indication of deviation from Ohm'’s law intoresult in formation of the space charge and hence limiting
the space-charge limited current (SCLC) mechanism. Thtke high field conduction possess the average values of
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Table 2. Values of6, u,, N; andn, for pure and chloranil doped ethyl cellulose.

Effective mobility (ue) N No
] (...x10% (...x10% (...x1069
(...x10? m?vis?t cn® cni?
Sample Sample Sample Sample
Temperature
(K) Pure P, P, Pure P, P, Pure P, P, Pure P, P,
313 2-637 6-425 8.875 4.987 6-678 9.875 9-935 11-864 14-743 6-567 9-87 12-654
323 3.876 - - 5-102 - - 9:102 - - 7-623 - -
333 4.678 - - 5.654 - - 8.654 - - 8-118 - -
343 6:878 9.743 12-604 7-017 10-815 11:432 8:017 10-356 13:478 9:102 11-456 13-578
348 8-957 - - 7-654 - - 7-764 - - 10-111 - -
353 9.:015 - - 8-884 - - 6-885 - - 11-052 - -
358 11-143 - - 9.667 - - 5.888 - - 11-999 - -
363 12.225 - - 10-789 - - 4.985 - - 12:012 - -
Table 3. Values ofy, andN; with thickness voltage subsided to much smaller steady values after a
(AlI-Al electrode). certain length of time. The possible explanation is that the
e N, sudden application of voltage causes a cloud of carriers,
Thickness  (...x 10 (...x106% i.e. a space charge, to be injected from the contact into the
(um) cnfvits cm? sample. This free charge gives rise to a large burst of
current. If the space charge remained untrapped, the value
10 3-967 12-478 . .
15 4.563 10-032 of the transient current would continue as a steady current.
20 4.987 9.987 However, one must take into account the effects of trap
25 5.114 8-876 densities in the sample. The free charge forced into the
30 5-635 8-:012 sample settles the rate being determined by the capture

cross section of traps for free carriers (Singh and Sri-
vastava 1972).

In the present case, the slopel-6¥ curves exceed the
value 2. Usually a slope of 2 indicates shallow trapping
but this does not seem to exclude the possibility of deep
Ff‘raps in the present case. The attribution of the currents in
high field region to SCL conduction is further supported
by the following observation (i) EC being an amorphous
=V, (8) material, would provide a large number of trapping cen-
qd tres and trapping of charge carriers in these trapping sites

would result in the build-up of a space charge, (ii) the
whereV, is the voltage at which the transition from ohmicbuild-up of a space charge is also confirmed by our earlier
to square-law behaviour takes place. Agfirs the ratio thermally stimulated discharge current study (Khetral
of the free carrier density to the trapped carrier densit¥996, 1997b).
and can be found from the ratio between the current at theThe electrical conductivity for samples doped at lower
start of the rise to that at the end of the rise in the squaresncentration remains low even beyond glass transition
law region. Using the value & ny, was calculated from temperaturd,. It seems that chain motion is not effective
(8) and listed in table 2. It is to be noted that (i) log—logn mobilizing the traps formed by dopant molecules and
plot of | vsd in the square-law region should be a straightharge carriers released from mobilized traps, are again
line with slope — 3 and log—log plot ®f; vsd should be a trapped in traps provided by dopant molecular sites. Thin
straight line with slope 2. Such plots were made (ngbolymer films are known to be a mixture of amorphous
shown) and the slopes of —2:92 and 1-93, respectivedynd crystalline regions (Chopet al 1971). The conduc-
were obtained which supports the possibility of spactvity behaviour of such films may be dominated by the
charge limited currents. properties of the amorphous regions (Kosatkal 1971).

The space charge limited currents may also determiffédhe presence of amorphous regions give rise to localized
the transient behaviour such as a large burst of currestiates. Since there are many localized states, the release or
immediately after the application of voltage followed by aexcitation of the carriers in these states dominates the
steady decline in current on standing. In the present casenduction process. Consequently, doping should not
the large currents obtained just after the application afffect the conductivity too much (Marikhiet al 1965),

Ue=4-854 x 10°cnf Vst and n,=9-88 x 18 cm™®,
respectively.

The equilibrium concentration of charge carriers in th
conduction band can be obtained from the equation
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unless the dopant is present in sufficient quantity to marlprobability of electrons hopping across these barriers. The
edly affect the position of the Fermi level. Dopant moleinterfacial barriers probably also decrease because of the
cules enter either the amorphous regions of the polymer presence of Chl at the interfaces. Thus, the whole struc-
the defect regions like chain folds. If they are present iture of EC will be more open for charge transportation
low concentration, they will give rise to additional mole-follow up impregnation with Chl.
cular sites for trapping of charge carriers (Jonscher 1967).
Such localized sites can be defined in molecular terms
using the difference in ionization potential as an indiReferences
cation of trap depth. As the dopant concentration is
increased, the molecules start bridging the gap separatifi§oPra K L, Rastogi A C and Malhotra G L 19Thin Solid
the two localized states and lowering the potential barrier Films 24 125
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carriers (Kulshrestha and Srivastava 1980; Siehaal onscher A K'1967hin S.OI'd FilmsL 213
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