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ABSTRACT: In this study, the forward and reverse bias
current–voltage (I–V), capacitance–voltage (C–V), and con-
ductance–voltage (G/x–V) characteristics of Al/polyindole
(Al/PIN) Schottky barrier diodes (SBDs) were studied
over a wide temperature range of 140–400 K. Zero-bias
barrier height UB0(I–V), ideality factor (n), ac electrical con-
ductivity (rac), and activation energy (Ea), determined by
using thermionic emission (TE) theory, were shown fairly
large temperature dispersion especially at lower tempera-
tures due to surface states and series resistance of Al/PIN
SBD. I–V characteristics of the Al/PIN SBDs showed an
almost rectification behavior, but the reverse bias satura-
tion current (I0) and n were observed to be high. This high
value of n has been attributed to the particular distribution
of barrier heights due to barrier height inhomogeneities
and interface states that present at the Al/PIN interface.

The conductivity data obtained from G/xV measurements
over a wide temperature range were fitted to the Arrhe-
nius and Mott equations and observed linear behaviors for
rac vs. 1/T and ln rac vs. 1/T

1/4 graphs, respectively. The
Mott parameters of T0 and K0 values were determined
from the slope and intercept of the straight line as 3.8 �
107 and 1.08 � 107 Scm�1 K1/2, respectively. Assuming a
value of 6 � 1012 s�1 for m0, the decay length a�1 and the
density states at the Fermi energy level, N(EF) are esti-
mated to be 8.74 Å and 1.27 � 1020 eV�1cm�3, respec-
tively. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 113: 2955–
2961, 2009
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INTRODUCTION

Semiconductor polymers have attracted a great deal
of interest in the past decade and they could be
used as active components in the electronic devices
due to their excellent electrical characteristics. These
devices include field effect transistors, Schottky bar-
rier diodes (SBDs), light emitting diodes and poly-
meric voltaic cells (PVCs), etc. The performance and
reliability of these devices depend on various pa-
rameters such as process of fabrication, barrier
height between metal and polymer, density of sur-
face states distribution at interface, device tempera-
ture and voltage; and thermal and mechanical
stability of the semiconductor polymer used.

There are currently a vast number of reports of ex-
perimental studies on metal/semiconductor polymer
SBDs,1–12 but very limited experimental information is
available on their temperature-dependent electrical
characteristics in the literature. Because the analysis of
electrical characteristics of these devices measured
only at room temperature does not give detailed infor-

mation about their conduction process and interface
characteristics, it is necessary to determine the main
diode parameters over a wide temperature range at
metal/semiconductor or metal/polymer SBDs to bet-
ter interpret and understand the nature of barrier and
current-conduction mechanism.
Therefore, in this study, to better interpret the

experimentally observed diode parameters such as
barrier height UB0(I–V), ideality factor (n), ac electri-
cal conductivity (rac), and activation energy (Ea)
determined from I–V, C–V, and G/x–V measure-
ments were investigated. The electrical characteris-
tics of Al/polyindole (Al/PIN)-SBDs have been
studied over a wide temperature range of 140–400
K. Furthermore, the Mott parameters of T0, K0, and
the density states at the Fermi energy level N(EF)
were also determined. Frequency dependent electri-
cal characteristics of Al/PIN SBDs are also under
our investigation and will be published soon, as the
second part of the study.

EXPERIMENTAL

Materials

Analytical grade indole, anhydrous ferric chloride
(FeCl3) and chloroform (CHCl3) were purchased
from Aldrich and used as received.
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Synthesis of polyindole

PIN was chemically synthesized in a nonaqueous
medium (CHCl3) under a nitrogen atmosphere using
FeCl3 as an oxidizing agent at 15�C for 5 h, taking
the ratio of FeCl3 to indole as 3 : 1. Crude PIN was
washed with distilled water until the filtrate was
clear, dried in a vacuum oven (P ¼ 15 mm Hg) at
70�C for 24 h, recovered with 85% yield and used
for fabrication of SBDs.

Fabrication of (Al/PIN) SBDs

The Al/PIN SBDs were fabricated by using PIN hav-
ing thickness of 1.0 mm and diameter of 1.0 cm.
High purity (99.999 %) silver (Ag) with a thickness
of � 2000 Å was thermally evaporated from the
tungsten filament onto the whole backside of PIN
pellet at a pressure of �2 � 10�6 mmHg. The ohmic
contacts were prepared by sintering the evaporated
Ag back contact at 450�C for 30 min under dry nitro-
gen flow at a rate of 2 L/min. This process served to
sinter Ag on the upper surface of the PIN pellet. Af-
ter making ohmic contact, the Schotky (rectifier) con-
tacts formed by evaporation of 2000 Å thick Al dots
of �1.0 mm diameter onto PIN pellet under vacuum.
The metal thickness layer and the deposition rates
were monitored with the help of quartz crystal
thickness monitor. In this way, Al/PIN SBDs were
fabricated on PIN pellets.

The electrical characteristics of the Al/PIN SBDs
were investigated using I–V, C–V, and G/x–V meas-
urements under both reverse and forward bias in
the wide temperature range of 140–400 K. The I–V
measurements were performed by using a Keithley
220 current source and a Keithley 614 electrometer.
The C–V and G/x–V characteristics were performed
at 500 kHz by using HP 4192A LF impedance ana-
lyzer (5 Hz–13 MHz). The sample temperature was
always monitored by means of a Cu–constantan
thermocouple and a Lakeshore 321 autotuning tem-
perature controller with sensitivity better than �0.1
K. All the measurements were carried out with the
help of a microcomputer through an IEEE-488 ac/dc
converter card.

RESULTS AND DISCUSSION

The temperature dependence of I–V characteristics

A number of Al/PIN SBDs were fabricated and basic
electrical parameters mentioned above calculated for
each of them. Because all of those diodes fabricated
were exhibited the same basic electrical characteristics,
the results of only one Al/PIN SBD, as a typical de-
vice, is introduced in this work. For a metal/semicon-
ductor (M/S) or metal/polymer (M/P) contact, the
current through a SBD can be given by.8,9

I ¼ I0 exp
qV

nkT

� �
1� exp

�qV

kBT

� �� �
(1)

where I0 is the reverse saturation current and is
equal to

I0 ¼ AA�T2 exp � qUB0

kBT

� �
(2)

where UB0 is the zero-bias barrier height, A is the
circular diode area (A ¼ pr2), A* is the effective
Richardson constant, n is an ideality factor, T is the
absolute temperature in Kelvin, kB is the Boltz-
mann’s constant, and V is the applied forward bias
voltage.
The semilogarithmic forward bias I–V plots of the

Al/PIN SBD in the temperature range of 140–400 K
are shown in Figure 1 as decimal (a) and semilogar-
ithmic (b), respectively. As can be seen in Figure
1(b), the ln I–V plots deviated from linearity at high
forward bias voltages due to effect of series resist-
ance. Although the Rs is significant especially in the
downward curvature of the forward bias I–V charac-
teristics, the density of surface states Nss is effective
in both inversion and depletion range; and their dis-
tribution profile changes from region to region in
the band gap of PIN.
The reverse saturation current I0 values were

obtained by extrapolating the linear portion of the
forward bias ln I–V plot [Fig. 1(b)] to the intercept
point on the current axis at zero-bias (V ¼ 0) and
the zero-bias barrier height UB0 values were calcu-
lated using eq. (2). The values of ideality factor n
were calculated from the slopes of ln I–V plots in
the linear region (0.1 � V � 0.6 V) and can be writ-
ten [using eq. (1)] as;

n ¼ q

kBT

dV

d lnðIÞ
� �

(3)

The changes in I0, n, and UB0 with temperature
are given in Table I. The calculated values of I0, n,
and UB0 were found to be strongly temperature de-
pendent. The experimentally obtained values of I0, n,
and UB0 for the Al/PIN SBD were changed from 6.2
� 10�10 A, 9.80, and 0.375 eV (at 140 K) to 2.4 �
10�6 A, 2.69, and 0.85 eV (at 400 K). Such a behavior
of ideality factor has been attributed to particular
distribution of interface states and insulator layer
between Al and PIN.13–16

These values of UB0 calculated from forward bias
I–V characteristics have shown an unusual behavior
such that it increases with increasing temperature.
Such behavior of ideality factor and barrier height
can be explained by means of the bias dependence
of saddle-point potential of an inhomogeneous bar-
rier height.15–19 Therefore, the current through the
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diode will flow preferentially through the lower bar-
riers in the potential distribution.15–18

The values of ideality factor n are found to be
increasing, whereas the UB0 decreases with decreas-
ing temperature (Fig. 2). The high values of the
ideality factor were shown a deviation from pure
thermionic emission (TE) theory in the current-con-
duction mechanism,19–22 which indicates a nonideal
behavior. As explained in the literature by various
researchers15–19 because the current transport across
the diode is a temperature-activated process, elec-
trons at low temperatures are able to surmount the
lower barriers. Therefore, the current transport will

be dominated by the current flowing through the
patches of lower Schottky barrier heights, leading to
a larger ideality factor. In other words, more and
more electrons have sufficient energy to overcome
the height barrier build-up with increasing tempera-
ture and bias voltage.
For the evaluation of the Schottky barrier height,

one may also make use of a Richardson plot of the
saturation current. Using the saturation current [eq.
(2)], for the evaluation of Ea the Richardson plot can
be drawn from the following equation.20,21

Ln
I0
T2

� �
¼ lnðAA�Þ � qEa

kBT
(4)

A conventional ln (I0/T
2) vs. 1/T plot is shown in

Figure 3. From the slope of this curve, Ea ¼ 0.115 eV
was calculated for the Al/PIN SBD.

TABLE I
The Values of Various Electrical Parameters for the Al/
PIN SBD Determined from the Forward Bias ln I–V

Characteristics in the Temperature Range of 140–4000 K

T(K) I0(A) n UB(I–V) (eV)

140 6.20 � 10�10 9.80 0.375
200 2.10 � 10�8 6.12 0.487
225 6.48 � 10�8 5.15 0.530
250 1.35 � 10�7 4.35 0.578
300 3.80 � 10�7 3.50 0.676
340 8.80 � 10�7 3.13 0.749
360 1.60 � 10�6 2.98 0.778
380 2.00 � 10�6 2.80 0.818
400 2.40 � 10�6 2.69 0.850

Figure 2 Temperature dependence of UB and n obtained
from forward bias I�V characteristics for the Al/PIN SBD.

Figure 1 The temperature dependence of (a) the I�V and
(b) ln I�V characteristics of Al/PIN SBD.
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The temperature dependence of C–V and
G/x–V characteristics

The advantage of lowering temperature is the ability
to measure surface states, which are not normally
accessible at room temperature. Because the time
constant of the states is lowered with temperature so
that states are brought into the range of measured
frequencies between 500 kHz–1 MHz; and Fermi
level moves closer to the majority carrier band edge
so that states at different energies in the band are
probed.23 Therefore, the temperature-dependent C–V
and G/x–V characteristics of Al/PIN SBD was
measured in the temperature range of 140–400 K at
500 kHz.

The real series resistance of devices can be sub-
tracted from the measured capacitance (Cma) [Fig.
4(a)] and conductance (Gma) [Fig. 4(b)] in strong
accumulation region at high frequency (�500
kHz).24–28 According to Nicollian and Brews,24 at
sufficiently high frequency, to determine series re-
sistance Rs, the devices are biased into strong accu-
mulation, series resistance can be obtained as:

Rs ¼ Gma

G2
ma þ xCmað Þ2 (5)

where Cma and Gma represent the measured capaci-
tance and conductance in strong accumulation
region, respectively. Figure 4(a,b) show the 500 kHz
C–V and G/x–V characteristics of the Al/PIN SBD
measured at various temperatures with an oscillator
level of 40 mV peak to peak. Over the voltage range
studied (–10 V, þ15 V), both capacitance and con-
ductance were observed to decrease with increasing
temperature. Figure 4(a) indicates that the values of
C give a peak especially at high temperature, shift-
ing to reverse bias region with increasing tempera-

ture. It was also realized that the change in the
temperature have effects on the values and positions
of these anomalous peaks. Figure 4(b) shows G/x–V
characteristics of Al/PIN SBD at various tempera-
tures. The measured accumulation capacitance (Cma)
increase with temperature, which implies for the
parallel circuit mode that the series resistance (Rs)
decreases with temperature.24,29

The values of Rs obtained from the dispersion in
the accumulation capacitance and conductance
according to eq. (5) is given in Figure 5. The values
of Rs observed to decrease with increasing tempera-
ture. This behavior of Rs is believed to result from
the factor responsible for increase of ideality factor n
and lack of free carrier concentration at low
temperature.26

Figure 4 (a) The C�V and (b) G/x�V characteristics of
Al/PIN SBD at various temperatures.

Figure 3 ln (I0/T
2) vs. 1/T plot for Al/PIN SBD.
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In general, conducting polymers behave as semi-
conductors in the temperature dependence of
rac.

30,31 The racC–V and rac–T plots of the Al/PIN
SBD at various temperatures are shown in Figures 6
and 7, respectively. The values of conductivity
increased with increasing temperature. The variation
of rac was remarkably high at high temperatures,
but it was very small at low temperatures. This
behavior of conductivity with increasing tempera-
ture is typical of semiconductor behavior. There
have been a several reports in the literature,31–33 in
which the temperature-dependent conductivity data
of conducting polymers have been fitted to the
Arrhenius equation of conductivity:

rac ¼ r0 exp
�qEa

kT

� �
(6)

A plot of ln rac vs. 1/T is a straight line (Fig. 8).
The Ea values of Al/PIN SBD obtained from the
slope of ln rac–1/T plots are 0.088, 0.090, 0.094, and
0.097 eV for the values of forward bias of 0, 5, 10,
and 15 V, respectively.
The electrical transport mechanism may be due to

Mott variable range hopping.31–34 In this model, the
conductivity is treated as temperature-activated hop-
ping from center to center. The lack of ordering in
amorphous conducting polymers is expected to pro-
duce localized states, which can move by thermally

Figure 5 The temperature dependence of the series resist-
ance at various forward bias for Al/PIN SBD at 500 kHz.

Figure 6 The rac vs. V plot of Al/PIN SBD at various
temperatures.

Figure 7 Temperature dependence of rac at various for-
ward bias for Al/PIN SBD at f ¼ 500 kHz.

Figure 8 The Arrhenius plot of rac at various forward
bias of the Al/PIN SBD at f ¼ 500 kHz.
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activated hopping to another localized interface
states and conduction occurs through variable range
hopping of the electron between these localized
interface states. The Mott model34 that defines the
relation between conductivity and temperature is:

rac ¼ K0T
�1=2 exp � T0

T

� �1=4
" #

(7)

T0 ¼ 16a3

kBNðEFÞ (8)

K0 ¼ 0:39
NðEFÞ
akB

� �1=2
m0e

2 (9)

where a�1is the decay length of the localized state;
m0 is the hopping attempt frequency; N(EF) is the
density states at the Fermi energy level; e is the elec-
tronic charge; T0 is the Mott characteristic tempera-
ture, and K0 is the Mott characteristic conductivity
parameter.

The conductivity data obtained for PIN in the tem-
perature range of 140–400 K are used to construct
the Mott plot (Fig. 9). The Mott parameters of T0 (3.8
� 107 K) and K0 (1.08 � 107 Scm�1K1/2) are obtained
from the slope and intercept of the graph, respec-
tively. Substituting these values in equations and
assuming a value of 6 � 1012 s�1 for m0,

31 the decay
length a�1 and N(EF) are estimated to be 8.74 Å and
1.27 � 1020 eV�1 cm�3, respectively.

CONCLUSIONS

The temperature-dependent reverse and forward
bias I–V, C–V, and G/x–V characteristics of the Al/
PIN SBD were measured in the temperature range
of 140–400 K. The I–V characteristics of Al/PIN SBD
shown almost rectification behavior, but the values
of reverse bias saturation current (I0) and n were
high. These behaviors have been attributed to partic-
ular distribution of barrier heights, barrier inhomo-
geneity, and interface states localized at the Al/PIN
SBD. Experimental results shown that both the val-
ues of C, G/x, and rac were quite sensitive to tem-
perature, especially at relatively high temperature
and behavior was attributed to the thermal restruc-
turing and reordering of the interface. Also, the vari-
ation of C, G/x, and rac was remarkably high at
high temperature, but it was very small at low tem-
perature. The analysis of experimental data shown
that hopping of carriers between localized interface
states is the dominant conduction mechanism.
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