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ABSTRACT: X-ray diffraction, infrared (IR), and elec-
trical properties for pure and Er (NO3)3-doped methyl-
2-hydroxyethyl cellulose (MHEC) with concentrations of
0.5, 1, 2, 5, 7, and 10 wt % were studied. X-ray analysis
indicates that the addition of Er (NO3)3, which is a
crystalline material, to MHEC at concentrations 10 and
13 wt % leads to the formation of crystalline phases in
the amorphous polymeric matrix. The appearance of the
bending mode n2 and the combination mode (n1 þ n4)
of Er (NO3)3 in the IR spectra of composite samples
indicates the coordination of nitro group in the chains
of MHEC. From the I–V characteristics, it was found
that the charge transport mechanism in MHEC appears
to be essentially space charge limited conduction, while

the predominant mechanism in the composite samples
is Poole–Frenkel. Values of both drift mobility (m) and
the charge carrier density (n) has been reported. The
temperature dependence conductivity data has been an-
alyzed in terms of the Arrhenius and Mott’s variable
range hopping models. Different Mott’s parameters
such as the density of states, N(EF), hopping distance
(R), and average hopping energy (W) have been eval-
uated. � 2006 Wiley Periodicals, Inc. J Appl Polym Sci 102:
2352–2361, 2006
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INTRODUCTION

The wide usage of polymeric products in various fields
of technology makes it necessary to investigate their
structure, properties, and changes that take place under
the addition of rare earthmetal salts.

The current–voltage characterization, the DC electri-
cal conductivity, and temporal variation of conduction
current provide an understanding of the mechanisms
of charge carrier transport, molecular motion, mobility
of submolecules, and physical and chemical struc-
tures.1 Valuable results can be revealed from the meas-
urements of the temperature dependence of electric
conductivity, because single molecules or molecular
segments can either overcome a potential barrier as a
consequent of continuous energy increase or chain
decomposition.2

Methyl-2-hydroxyethyl cellulose (MHEC) is used in
food, in cosmetics, and in aqueous-based paint systems.
It has found applications as special chemicals in areas
such as mineral and ceramic processing and polymer-
ization.3 MHEC is used in the optimization approach to
the design of frost-resistance concrete.4,5 For these pur-

poses, it is desirable to improve a comprehensive char-
acterization of MHEC when doped with different con-
centration of Er (NO3)3. In addition, the electrical prop-
erties of pure and Er (NO3)3-doped MHEC films have
been studied in the temperature range 30–1808C. Con-
duction mechanisms have been identified with base
of current–voltage and current–temperature measure-
ments togetherwith transient currents.

EXPERIMENTAL DETAILS

Methyl-2-hydroxyethyl cellulose (MHEC) was sup-
plied by Sigma-Aldrich Company, USA. Its viscosity
is �15,000–20,000 cp. Erbium tri nitrate hydrated Er
(NO3)3 � 6H2O was supplied by Strem Chemicals
Company, USA, with purity 99.9%.Weighted amounts
of MHEC were dissolved in tri distilled water. Also
weighted amounts of Er (NO3)3 were dissolved in very
small amount of pure nitric acid at room temperature.
Solutions of MHEC and Er (NO3)3 were mixed together
with different weight percentages [0.5–10 wt % Er
(NO3)3], using a magnetic stirrer, at 308C. Films of
appropriate thickness (�120 mm) were cast onto glass
Petri dish of 10 cm diameter, and then dried in an
oven at about 708C for about 3 days until solvent was
completely evaporated. Films were cut into square
pieces having 1 cm side to fit the cell of measuring
techniques.
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The infrared (IR) spectra analyses were performed
using a PYE Unicam spectrophotometer over the
range 500–4000 cm�1, while X-ray diffraction pat-
terns were obtained using XRD Scintag, USA, by
CuKa radaition. Transient and steady-state current–
voltage characteristics were studied in the tempera-
ture range from 30–1208C and voltage range from
10 to 600 V. The current was measured by the means
of an electrometer (Keithely 6517A) which was care-
fully shielded and grounded to avoid any extrane-
ous electrical noise.

RESULTS AND DISCUSSIONS

Characterization

X-ray diffraction

Figure 1 shows the X-ray diffraction pattern of pure
materials [Er (NO3)3 and MHEC] and their compo-
sites containing 1, 5, 10, and 13 wt % Er(NO3)3 at
room temperature in the scanning range 68 ¶ 2y
¶ 708. Spectrum (a) of Er (NO3)3 in powder form shows
different sharp reflection peaks which are characteris-
tics of crystalline materials.6 However spectrum (b) of
MHEC cast film shows a broad so-called amorphous
halo with a scattered intensity maximum correspond-
ing to 2y ¼ 228. It reflects the absence of any diffraction
lines indicating its amorphous nature.7,8

XRD patterns (c and d) of composite samples with
concentrations 1 and 5 wt % Er (NO3)3 show an
intense halo amorphous at peak position identical to
that found in pure MHEC, but with less intensity.
However, XRD pattern (e) of composite sample con-
taining 10 wt % Er (NO3)3 is characterized by small
five distinct crystalline peaks appearing at 2y ¼ 158,
308, 338, 428, and 488 besides the amorphous one
indicating the presence of Er (NO3)3 crystallites
within the MHEC matrix. At relatively higher con-
centration of 13 wt % Er (NO3)3 composite sample,
spectrum (f), additional two crystalline peaks
appeared at 2y ¼ 218 and 318 while the amorphous
halo peak disappeared completely. Also, the height
of the pervious five crystalline peaks increased with
increasing Er (NO3)3 content indicating the existence
of relatively more crystallinity for 13 wt % Er (NO3)3
composite sample. This local ordering might have
been accomplished by intramolecular and intermolec-
ular interactions in the polymer structure. Thus, it
can be thought that the crystallizing component
could strongly modify the noncrystallizing behavior
of the amorphous component in the amorphous/
crystalline composites. For such composite samples,
it can be suggested that the crystal form of Er (NO3)3
does not prevent the miscibility between MHEC and
Er (NO3)3 and a complex between erbium tri nitrate
with the polymer backbone being formed.

Infrared spectroscopy

Figure 2 shows the IR spectrum for pure [Er(NO3)3
and MHEC] and their composites containing 2 and
10 wt % Er(NO3)3 in the range of 500–4000 cm�1.
Spectrum (a) of Er (NO3)3 contains the symmetric
N��O stretching frequency n1, the bending mode n2,
the asymmetric stretching mode n3, the asymmetric
in-phase bending mode n4, the first overtones 2n1,
2n2, and 2n3 and the combination modes (n1 þ n4)
and (n1 þ n3). In addition, the broad band centered
at 3700 cm�1 corresponding to n(OH) which is prob-
ably due to H2O present in the sample. These results
are in agreement with that previously reported for
trivalent metal nitrates.9,10 The IR spectrum and
assignment of the most evident absorption bands for
MHEC is shown in pattern (b). The multiplicity and
broadness of n(OH) band observed in the 3000–3600
cm�1region indicates the polymeric association of
free hydroxyl groups and numerous of hydrogen-
bonded (O��H) stretching vibration.11,12 These two
distinct absorption bands occurring at 2940 and
2900 cm�1 result from antisymmetric nas(CH2) and

Figure 1 X-ray diffraction of (a) Er (NO3)3, (b) MHEC, (c)
1 wt %, (d) 5 wt %, (e) 10 wt %, and (f) 13 wt % Er
(NO3)3-doped MHEC.
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symmetric ns(CH2) stretching bands of CH2 groups,
respectively. The band existing at 2839 cm�1 is due
to (C��O��CH3) deformation. Following these, there
is no significant absorption band until about 1645
cm�1, where a moderate band due to C¼¼O stretch-
ing mode appears. This band can be attributed to
the opening of the terminal ring in MHEC chains,
giving a branched form.13 The band existing at
1414 cm�1 is probably due to CH3 deformation. The
two bands appearing at 1372 and 1316 cm�1are due
to the bending mode nd(CH) of CH2 groups. The
absorption band appeared at 1191 cm�1 is related to
symmetric ns(C��O��CH3) stretching vibration. The
small absorption band appeared at 850 cm�1 may be
attributed to the C1 group frequency (b-glucosidic
linkage). These results are in agreement with that
previously reported in literature14,15 for cellulose
derivatives.

The IR study is extended to examine doped MHEC
samples with 2 and 10 wt % Er (NO3)3 patterns (c
and d). In general, it appears from Figure 2 that there
is no appreciable difference between the spectra of

composite samples and pureMHEC except the changes
in intensity and position of the absorption bands,
appearance of new bands and overlapping. The peak
position of the bands ns (C��O��CH3) and nas (C��O)
for 2 and 10 wt % Er (NO3)3 composite samples
compared to pure MHEC is shifted by about (8 and
10 cm�1) and (10 and 12 cm�1) respectively, indicating
that the oxygen atoms of C��O��CH3 and C��O
groups take part in the coordination.16 It is worthy to
note that two absorption bands at around 824 and
1760 cm�1 corresponding to the bending mode n2 and
the combination mode (n1 þ n4) respectively, are
observed for both dopant concentrations. This may be
taken as an indication to elucidate the formation of
complexation, i.e., the coordination of nitrate group.

Electrical properties

Transient current

Current–time curves for pure MHEC and composite
samples containing 0.5, 1, 2, 5, 7, and 10 wt %
Er(NO3)3 at different temperatures (30 and 1208C)
and fields (10 and 90 kV/m) were measured. Similar
plots were obtained, and therefore the current–time

Figure 3 Transient current for both (l) MHEC and (^)
2 wt % Er (NO3)3-doped MHEC at different temperatures
and fields. Opened shapes refer to reverse polarity.

Figure 2 IR spectrum of (a) Er (NO3)3, (b) MHEC, (c)
2 wt %, and (d) 10 wt % Er(NO3)3-doped MHEC.
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curves for pure MHEC and 2 wt % Er (NO3)3
composite samples are taken as representatives (see
Fig. 3). It is observed that the current response con-
sists of two components; the first one decays very
fast lasting few seconds and the second one decays
with slow rate and attains steady state within 25–45
min from the application of the electric field. The ini-
tial curved part corresponds to the polarization of
quickly reacting dipoles. For samples poled with
higher fields and also at higher temperatures, the cur-
rent tends to approach a steady value more rapidly.
The field dominant behavior of these currents in com-
posite samples shows that the initial currents are gov-
erned by the bulk phenomena such as polarization
effect and/or interfacial phenomenon. The temporal
decay of current may be due to trapping of charge
carriers and reduction of electric field owing to the
formation of Schottky layer in the vicinity of elec-
trodes.17 The case of tunneling as a possible mechanism
can be discarded due to temperature dependence of
transient behavior. However, the dipolar relaxation
seems to be the major contributor to the transient cur-
rent, as MHEC exhibits a polar character. The decline
in the time dependence of transient current with
increasing temperature may be attributed to the cu-
mulative effect of rapid decrease of the relaxation
time, a characteristic of transient phenomenon and
the progressive increase of steady state conduction.

Application of direct and reverse polarities was
carried out in succession. On reversing the polarity,
the time tmax required for the conduction current

to pass its maximum value decreases and the peak
become narrower with the increase of temperature.
On the contrary, the increase of field shows the
effect of peak shift to longer times. The peaks ob-
served in the reversed polarity curves can be en-
visaged by the arrival of a fraction of the ions at
the electrode accumulating there as immobilized
ions without discharging at the electrode.18 These
ions can become mobile again after the reverse of
the polarity.

The order of magnitude of the drift mobility m of
charge carriers can be determined from the approxi-
mate relation19,20:

t ¼ tmax ¼ d2=mV (1)

where d is the thickness of the sample, V the applied
voltage, and tmax the relaxation time corresponding
to the peak current in I–T curve. Also the charge car-
rier density n can be calculated from the equation:

J ¼ nqmE (2)

where J is the current density at field strength E and
q is the carrier charge. The calculated values of
charge carrier concentrations and mobility for MHEC
and the composite samples containing 0.5, 1, 2, 5, 7,
and 10 wt % Er (NO3)3 at various temperatures and
fields were calculated and are listed in Tables I and
II. For all samples, the remarkable result is that the
mobility increases significantly with increasing tem-

TABLE I
The Values of Mobility and Concentration of Charge Carriers for Pure and Er (NO3)3-Doped MHEC Samples

at Different Temperatures and Constant Field 0.4 kV/cm

MHEC/Er(NO3)3
(wt/wt) %

m(m2 V�1 s�1) n (m�3)

308C 508C 1208C 308C 508C 1208C

100/0.0 1.60 � 10�11 2.40 � 10�11 4.80 � 10�11 9.30 � 1022 1.04 � 1024 1.10 � 1025

99.5/0.5 1.92 � 10�11 3.20 � 10�11 5.70 � 10�11 1.38 � 1023 1.49 � 1024 2.22 � 1025

99/1 2.40 � 10�11 3.70 � 10�11 7.27 � 10�11 2.20 � 1023 2.88 � 1024 2.91 � 1025

98/2 3.20 � 10�11 5.78 � 10�11 9.60 � 10�11 4.15 � 1023 4.59 � 1024 4.97 � 1025

95/5 8.00 � 10�12 9.60 � 10�12 2.40 � 10�11 2.10 � 1023 4.42 � 1024 3.62 � 1025

93/7 8.73 � 10�12 1.60 � 10�12 2.18 � 10�11 2.43 � 1023 2.30 � 1024 3.89 � 1025

90/10 9.06 � 10�12 1.14 � 10�11 3.00 � 10�11 1.75 � 1023 3.25 � 1024 2.65 � 1025

TABLE II
The Values of Mobility and Concentration of Charge Carriers for Pure and Er (NO3)3-Doped MHEC Samples

at Different Fields and Constant Temperature (308C)

MHEC/Er(NO3)3
(wt/wt) %

m (m2 V�1 s�1) n (m�3)

0.1 (kV/cm) 0.4 (kV/cm) 0.9 (kV/cm) 0.1 (kV/cm) 0.4 (kV/cm) 0.9 (kV/cm)

100/0.0 8.00 � 10�10 1.60 � 10�11 1.20 � 10�11 1.78 � 1020 9.30 � 1022 3.75 � 1023

99.5/0.5 4.80 � 10�10 1.92 � 10�11 9.60 � 10�12 7.75 � 1020 1.38 � 1023 6.63 � 1023

99/1 3.69 � 10�10 2.40 � 10�11 6.86 � 10�12 1.73 � 1021 2.20 � 1023 2.02 � 1024

98/2 2.87 � 10�10 3.20 � 10�11 4.36 � 10�12 7.39 � 1021 4.15 � 1023 7.29 � 1024

95/5 3.00 � 10�10 8.00 � 10�12 4.80 � 10�12 9.18 � 1020 2.10 � 1023 1.19 � 1024

93/7 8.00 � 10�10 8.73 � 10�12 6.00 � 10�12 2.65 � 1020 2.43 � 1023 7.96 � 1023

90/10 2.40 � 10�10 9.06 � 10�12 6.15 � 10�12 1.00 � 1021 1.75 � 1023 6.0 � 1023
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perature, whereas a considerable decrease has been
observed for increasing electric field. As the tempera-
ture increases, a reduction in the internal viscosity of
the material allows the dipoles to rotate freely; hence
the structural polarization takes place. The increase
of drift mobility with temperature indicated that the
conduction in the investigated samples is apparently
due to thermally activated mobility. At higher elec-
tric fields, a change in mobility may occur faster than
at lower field and also the recombination and/or
scattering of charge carriers may be greater. There-
fore, the decrease in drift mobility values may be
considered as an indication of predominant ionic
conduction.21 The small values of mobility indicate
the possibility of carriers transport by hopping mech-
anism. Besides, it can be deduced that the conduction
enhancement with increasing both temperature and
field is apparently due to the gradual increase of bulk
generated free carriers density.

The effect of the addition of erbium tri nitrate into
MHEC matrix up to 2 wt % is to reduce the barrier
potential and increase the grain size, thereby causing
grain boundary scattering to decrease and hence will
increase the mobility.22 At relatively higher dopant
concentrations more than 2 wt % erbium tri nitrate,

the mobility decreases monotonically. This may be
attributed to the formation of molecular aggregates
due to the inhomogeneous distribution of dopants.23

If the dopants are not distributed homogenously to
electron donor sites, this would cause partial polar-
ization and formation of small conducting domains
separated by some insulating regions of undoped
polymer.24

Current–voltage characteristics

To investigate the conduction mechanism operating
in the composite polymeric samples under investiga-
tion, the current–voltage characteristics at different
temperatures are studied. The dependence of log I
versus logV for pure and doped MHEC samples
containing 0.5, 1, 2, 5, 7, and 10 wt % Er (NO3)3
shows the same behavior. Accordingly, Figure 4
shows log I versus logV plots at three different tem-
peratures 30, 50, and 1208C for MHEC and 2 wt %
Er (NO3)3-doped samples as representatives of whole
series. Evidently, all plots indicate two different
regions at various temperatures which depend upon

Figure 4 log(I)–log(V) for both (*) MHEC and (l) 2 wt %
Er (NO3)3-dopedMHEC at different temperatures.

Figure 5 The current versus the thickness at temperature
508C and applied voltage 200 V for pure and Er(NO3)3-
doped MHEC.
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the applied field. In the low field region up to 1.3 �
106 V/m the slopes of the (I–V) relationship are
found to be equal one, and hence Ohm’s law is
obeyed. In this first region, the conduction is gov-
erned by the resistances of the polymer material and
controlled by thermally generated carriers. In the
high field region, the slopes of (I–V) relationship are
greater than one and the conduction becomes non-
Ohmic.

Tunneling is not applicable in the present case as
the thickness is pretty high (120 mm). Space charge
effect may be present and contributing to the overall
current.

Figure 5 shows I–V characteristics as a function
of thickness at temperature 508C in the non-Ohmic
region for pure MHEC and 0.5, 1, 2, 5, 7, and 10 wt %
Er (NO3)3-doped samples. The plots are straight lines
with slope of (�3) for pure MHEC, while the slope is
<�3 for the doped samples. So, we get I a V2 and 1/d3

for pure MHEC, providing a supporting evidence for
the existence of space charge conduction model.25

According to this model space charge limited current
density is given by:

J ¼ 9

8
m0e0e

0yðV
2

d3
Þ (3)

where m0 is the free carrier mobility, e0 is the permittiv-
ity of free space, e0 is the dielectric constant, and y is the
ratio between the free electron (n0) in the conduction
band to the total density (n0 þ nt), where nt is the den-
sity of the trapped electrons. Experimentally y is the ra-
tio between the current densities at the beginning of
the second region I1 and at the end of the rise I2, yields:
I1/I2 ¼ y ¼ n0/(n0 þ nt). The free carrier density in the

conduction band n0 and density of the trapped elec-
trons nt can be obtained using n0 ¼ e0e0yVtr=qd

2 and
nt ¼ 9e0e0Vtr=8qd

2 respectively, where Vtr is the volt-
age at which transition from Ohmic to square law
region takes place. The values of e0 taken for all sam-
ples from dielectric measurement at a frequency 10
kHz. The calculated values of e0 are listed in Table III.
By using the values of n0 and nt, the value of I2 can be
determined. From the value of I2 the end of the rise up
to trap-filled limited voltage VTFL could be determined
from Figure 4.

The free carrier mobility m0 can be now calculated
from eq. (3), by using the experimental value of y. It
may be mentioned that when trap level exists, the
electronic mobility is reduced by 1/y,26 and the effec-
tive electron drift mobility me in an insulator with
traps is therefore: me ¼ m0y. In the mean time, the trap
concentration Nt is defined by Nt ¼ 2e0erVTFL/qd

2

where VTFL is the upper limit of the voltage at which
sufficient charges have injected into the insulator to
fill the traps.

The values of effective electron mobilities me, the
mobility of free charges m0, concentration of charge
carries n0, the density of trapped electrons nt, and
the trap concentration Nt for MHEC at different tem-
peratures 30, 50, and 1208C are given in Table IV.
The obtained values are quite comparable with those
usually reported in literature for this class of poly-
meric materials.27 It is clear from the Table IV that
n0, m0, and me increase with increasing the tempera-
ture; on the contrary both nt and Nt decrease with
increasing temperature. The values of mobilities are
found to be smaller than 10�4 m2 V�1 s�1 indicating
that polaron hopping between localized sites is
involved in the process of carriers transport.

However, for all doped samples, it will be worth-
while to examine the fit of present results in close
relation to electronic mainly Richardson–Schottky
(RS) or Poole–Frenkel effects (PF) type conduction.

Several amorphous dielectric and semiconducting
thin films exhibit at high electric field a current den-
sity of the following form28,29:

J a expðbE1=2=kTÞ (4)

where k is Boltzmann’s constant, T is the absolute
temperature, and b is the field lowering coefficient,
whose theoretical for RS and PF values are given by:
bRS ¼ e[e/4pe0e0]

1/2 and bPF ¼ 2e[e/4pe0e0]
1/2. From

TABLE III
The Values of Dielectric Constant for Pure and Er

(NO3)3-Doped MHEC Samples at 10 kHz

MHEC/Er(NO3)3
(wt/wt) %

e0 at 10 kHz

308C 508C 1208C

100/0 10.00 12.22 9.00
99.5/0.5 12.33 14.40 9.82
99/1 15.61 20.15 9.82
98/2 17.40 23.65 13.05
95/5 14.70 16.28 12.33
93/7 15.95 16.80 12.20
90/10 16.10 17.00 12.40

TABLE IV
The Space Charge Parameters for MHEC

Temperature (8C) n0 (m
�3) nt (m

�3) y m0 (m
2 V�1 s�1) me (m

2 V�1 s�1) Nt (m
�3)

30 2.00 � 1019 13.00 � 1018 0.60 6.32 � 10�10 3.79 � 10�10 2.85 � 1019

50 4.00 � 1019 8.00 � 1018 0.83 4.65 � 10�8 3.85 � 10�8 2.00 � 1019

120 6.25 � 1019 5.90 � 1018 0.91 3.15 � 10�7 2.89 � 10�7 1.19 � 1019
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the slopes of log I versus V1/2 (Figures not shown)
for all composite samples at temperatures 30, 50,
and 1208C, the experimental values of bexp are calcu-
lated. Both experimental and theoretical values of b
are listed in Table V. It can be seen that there is a
close agreement between the experimental values of
b and the theoretical value of bPF. The small differ-
ences between the coefficients may result from the
presence of donor and acceptor sites and/or the het-
erogeneity of the electrical field in the sample.30

A mere coincidence of b values may not be suffi-
cient evidence for deciding the conduction mecha-
nism.31 Therefore, the actual conduction mechanism
can be determined by studying the current–voltage
characteristics of the composite sample 2 wt % er-
bium tri nitrate (as an example) at temperature 308C
using different top electrode materials, copper,
nickel–chrome, and silver (see Fig. 6). It is clear that
the effect of different electrode materials on the log
(I) versus log (V1/2) plots is found to be negligible
within the experimental errors. Hence the Poole–
Frenkel mechanism is the dominant conduction
mechanism at all temperatures in the investigated
composite samples. In addition, the linear variation
of logs versus V1/2 as seen from Figure 7 for the
composite sample 2 wt % erbium tri nitrate at tem-
peratures 30, 50, and 1208C support this view point.

Electrical conductivity

Semi-logarithmic plots of DC electrical conductivity
against the reciprocal of the absolute temperature for
pure and Er (NO3)3-doped MHEC with concentra-
tions of 0.5, 1, 2, 5, 7, and 10 wt % are shown in Fig-
ure 8. It can be seen that the general trend of the
conductivity–temperature curves are similar; the
curves passed through three main regions (I, II, and
III). In low temperature region (I) below Tg, there is
a rapid change in conductivity, while in high tem-
perature region (III) there is a slight change in con-
ductivity, the behavior in both regions for all sam-
ples was that of semiconductors. On the contrary,
the intermediate region (II), the behavior was similar

to that of metals, is apparently related to the dif-
fused glass-transition temperature Tg of micro-
Brownian motion of MHEC chains. Tg can usually
be identified by the onset of the diffusional motion
of large chain segments.

In general, the initial increase in conductivity with
increasing temperature may be due to liberation of
more charge carriers from traps and/or to the
greater mobility through the amorphous region of
polymer. However, the increase in conductivity at
high temperatures may be accounted for the libera-
tion of electrons or ions through the amorphous
region of MHEC. In addition, the internal stresses in
the doped samples may play a role in the motion of
charge carriers. The fact that MHEC is considered as
polar polymer may allow to quote also polarization
conduction which becomes predominant at higher
temperatures corresponding to region (III).

Erbium ions (Eþ3
r ) are coordinated through ionic

bonds with the polar OR and CH2OR [where R
¼ (CH2CH2O) H or H or CH3] groups belonging to
the different chains in MHEC. This in turn reduces
the intermolecular interaction between chains and
expands the space between them. Therefore this

TABLE V
The Theoretical and Experimental Values of b for

Pure and Er (NO3)3-Doped MHEC Samples

MHEC/Er(NO3)3
(wt/wt) %

bexp (10�5)
(eV V�1/2 m1/2)

bPF (10�5)
(eV V�1/2 m1/2)

308C 508C 1208C 308C 508C 1208C

99.5/0.5 2.12 2.05 2.52 2.16 2.00 2.50
99/1 1.90 1.77 2.40 1.92 1.69 2.42
98/2 1.80 1.60 2.00 1.82 1.56 2.10
95/5 2.00 1.90 2.10 1.98 1.88 2.16
93/7 1.92 1.83 2.10 1.90 1.85 2.19
90/10 1.95 1.82 2.05 1.92 1.80 2.09

Figure 6 Electrode material effect on log(I) versus V1/2 for
2 wt % Er (NO3)3-doped MHEC sample at 308C.
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leads to an increase in the ionic mobility and reduc-
tion in the activation energy, which is in complete
accordance with the results observed. It has been
thought that the nonuniform doping causes hetero-
geneity, which leads to formation of nonstoichio-
metric charge-transfer complexes between the poly-
mer and dopant.23,32

At low dopant concentrations from 0.5 to 2 wt %
Er (NO3)3-doped samples, the conductivity increases
monotonically with increasing dopant content over
the temperature range from 30 to 1808C. This can be
explained as being due to highly facilitated complex
formation and the delocalization of more charge car-
riers transfer. It must also be noted that the dopant
concentration 2 wt % Er(NO3)3 exhibits a maximum
conductivity.

On the other hand, at relatively higher dopant
concentrations more than 2 wt % Er (NO3)3 the con-
ductivity decrease irregularly with increasing dopant
content, giving values still higher than for MHEC.
This may be attributed to the decrease in the mobil-
ity of charge carriers, mostly due to scattering of ion-
ized molecular aggregates.

The temperature dependence of conductivity could
be examined according to two basic existing theories,
which are Arrhenius and Mott’s variable range hop-
ping (VRH) model. The log s versus 1/T plots for
the region (I) can not be represented by straight lines
throughout the temperature interval applied and
hence, the conductivity–temperature dependence
does not obey an Arrhenius mechanism. This poor
fit rules out of models of conduction in extended
states of the valence band and next nearest neighbor
hopping.33 The results have been analyzed in the
light of Mott’s variable range hopping (VRH)
model.34

A plausible mechanism is the VRH which accord-
ing to Mott’s formula obeys the relationship log (s
T1/2) is proportional to T�1/4 in three dimensions
(3D):

sdc ¼ 9e2n0
64a2

T0

T

� �1=2

NðEFÞ exp � T0

T

� �1=4
" #

(5)

where T0 ¼ 18:1a3=kNðEFÞ, n0 is the attempt fre-
quency, N(EF) is the density of states at the Fermi
energy and a describes the spatial extent of the local-
ized wave function. Figure 9 shows that the conduc-

Figure 8 The variation of conductivity with the reciprocal of
temperature for pure and Er (NO3)3-dopedMHEC samples.

Figure 7 The variation of log(s) versus V1/2 for 2 wt % Er
(NO3)3-doped MHEC sample at temperatures (*) 308C,
(&) 508C, and (~) 1208C.
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tivity data as log (sT1/2) versus T�1/4 according to
the 3D-VRH giving a good fit for all samples, inde-
pendent of the doping level. The values of T0,
derived from the slope of the straight lines, are rep-
resented in Table VI. Assuming a�1 ¼ 10�10 m for
the amorphous materials,35 N(EF) is calculated from
T0. In this conduction mechanism, there is a strong
evidence for phonon-assisted hopping conduction
for the samples under investigation. Such a behavior
occurs in noncrystalline state in which the edges of
the energy gaps are smoothed by tails of density of

states. A mobility edge separates the localized from
the nonlocalized levels, and a band at the Fermi
level allows transition between the localized states
inside the band or to levels above the mobility edge.

To check the validity of the Mott–Davis model for
investigated samples, we made a rough calculation
of some of Mott’s parameters. The hopping distance
(R) and the average hopping energy (W) can be
determined by the following relations36,37:

R ¼ 9

8pakT NðEFÞ
� �1=4

(6)

W ¼ 3

4pR3NðEFÞ
� �

(7)

The parameters of the conduction mechanism were
determined by the above equations and are also
given in Table VI. It is clear from the data in Table
VI that the magnitude of the values of T0, N(EF), and
R are consistent with the values obtained for other
amorphous polymers.37 The realistic values of N(EF)
and (W) indicate that Mott’s VRH model is an
appropriate mechanism of the conduction in region
(I) for pure and Er (NO3)3-doped MHEC samples.

At higher temperatures (region III), the plots of
logs versus 1/T for all samples were linear as shown
in Figure 8, confirming the validity of Arrhenius
equation of the form: s ¼ s0 exp (�Ea/kT), where s0

is constant and Ea is the activation energy. Thus, the
conductivity exhibits a thermally activated process,
and the corresponding Ea values are in the range nor-
mally accounted for the kind of the conduction proc-
ess in polysaccharides (see Table VI). At high temper-
atures, the hopping probability is dominated by the
random spatial distribution of the atomic sites. The
conductivity mechanism is mainly determined by
hopping of carriers thermally activated into the band
tails as monoenergetic trap states become thermody-
namically accessible at higher temperatures. In fact,
the variable range hopping regime dominating at
lower temperature region (I) should change to the
constant range regime with increasing temperature at
region (III) because the hopping distance will reach

TABLE VI
The Variable Range Hopping Parameters and Arrhenius Activation Energy for

Pure and Doped Er (NO3)3 MHEC Samples

MHEC/Er(NO3)3
(wt/wt) % T0 (K) N(EF) (eV m�3) R (nm) W (eV) Ea (eV)

100/0.0 9.40E þ 8 2.17E þ 29 0.16 0.30 0.92
99.5/0.5 6.00E þ 8 3.40E þ 29 0.14 0.26 0.85
99/1 3.00E þ 8 6.81E þ 29 0.12 0.22 0.73
98/2 1.00E þ 8 2.04E þ 29 0.09 0.17 0.65
95/5 2.00E þ 8 1.02E þ 29 0.10 0.20 0.74
93/7 2.5E þ 8 8.17E þ 29 0.11 0.21 0.81
90/10 3.00E þ 8 6.81E þ 29 0.12 0.22 0.85

Figure 9 The relation between ln (s T1/2) and 1/T1/4 for
pure and Er (NO3)3-doped MHEC samples.
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its minimum value when the carriers jump between
the nearest neighbor sites.38

CONCLUSIONS

1. On the basis of the data observed from IR spec-
troscopy and X-ray diffraction, it could be con-
cluded that the formation of a complex between
MHEC and Er (NO3)3 is possible within the
investigated composition ranges.

2. From, X-ray diffraction it is noted that the addi-
tion of Er (NO3)3 above 5 wt % to MHEC
changes the MHEC from the amorphous state
to semi-crystalline state.

3. The realistic values of the density of states at
Fermi energy and the low hopping energy indi-
cate that the Mott’s variable range hopping
model is the appropriate mechanism of conduc-
tion and represented by ln (sT1/2) versus T�1/4

in the low temperature region for investigated
samples. At higher temperature region the ln s
versus 1/T confirming the validity of Arrhenius
relation and conductivity exhibits a thermally
activated process.
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