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ABSTRACT: Dielectric and electrical properties of a benzotriazole and fluorene copolymer were investigated using current-voltage

(I–V), capacitance-voltage (C–V), and conductance–voltage (G/w–V) measurements at room temperature. The electrical parameters,

barrier height (uBo), and ideality factor (n) obtained from the forward bias LnI-V plot were found as 0.453 eV and 2.08, respectively.

The Rs values were found as 2.20, 2.12, 1.90 X using dV/dLnI versus I, H(I) versus I and F(V)-V plots, respectively. The dielectric

constant (e0), the dielectric loss (e00), and the ac electrical conductivity ( rac) are a strong function of voltage and frequency. Decrease

in e0 and e00 values with increasing frequency was observed. On the other hand, the increase of rac with increasing frequency was

observed .Experimental results show that the conjugated copolymer plays an important role in the values of barrier height, ideality

factor, series resistance, and dielectric parameters. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Conjugated copolymers are lighter, more flexible, and less ex-

pensive than inorganic conductors. This makes them a desirable

alternative in many electronic and optoelectronic device applica-

tions.1–4 It also creates the possibility of new solid-state elec-

tronic device applications that would be impossible using cop-

per or silicon. There are a number of conjugated copolymers

which can be used for the fabrication of electronic devices due

to their unique electrical and optical properties. Among them,

fluorene- and benzotriazole-based conjugated polymers have

been intensely studied.5–8 The use of fluorene and benzotriazole

units revealed some promising features for photovoltaic applica-

tions and they attracted the attention of many scientists.5–10

Such devices are similar to metal/insulator/semiconductor (MIS)

type Shottky barrier diodes. The performance of these devices is

affected by the formation of interfacial copolymer layer and

interface states (Nss) at metal/copolymer interface and the forma-

tion of barrier height at MIS interface. Organic electronics not

only includes organic semiconductors but also organic dielectrics.

Therefore, it is important to study the electrical and dielectric

properties of benzotriazole- and fluorene-based organic devices.

The bias voltage dependence of I–V proved to be a powerful tool

for studying electrical properties.11–13 In addition, frequency de-

pendence of C and G/w proved to be a powerful tool for studying

the dielectric properties and can give detailed information on e0,
e00, and rac of devices.

14–16

In our previous study,17 photovoltaic properties of poly((9,9-

dioctylfluorene)-2,7-diyl-(4,7-bis(thien-2-yl) 2-dodecyl-benzo

[1,2,3]triazole)) has been studied. In this study, we investigated

the electrical (n,uB, Rs) and dielectric (e0, e00, and tan d) proper-
ties of benzotriazole- and fluorene-based organic devices at

room temperature. The Rs was obtained using Norde and

Cheung’s methods. In addition, the frequency and voltage de-

pendence of dielectric properties was obtained from the C–V

and G/w-V measurements.

EXPERIMENTAL

The organic device was fabricated as ITO/PEDOT : PSS/Copoly-

mer/Au configuration (Figure 1). Indium tin oxide (ITO)-

coated glass substrates were etched and cleaned by ultrasonic

VC 2012 Wiley Periodicals, Inc.
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treatments in water, detergent, acetone, and isopropanol and

later also treated in a Harrick Plasma Cleaner for 5 min. Then,

a thin layer of PEDOT : PSS was spin coated on ITO substrate

at 5000 rpm and baked at 130�C for 10 min on a hotplate. A

thin layer of poly((9,9-dioctylfluorene)-2,7-diyl-(4,7-bis(thien-2-

yl) 2-dodecyl-benzo[1,2,3] triazole)) was prepared by spin coat-

ing from chlorobenzene solution at 1200 rpm. The thickness of

copolymer was found to be 80 nm from AFM studies. The cath-

ode was thermally evaporated as a 100 nm Au layer at a pres-

sure of 2 � 10�6 mbar through a shadow mask. Devices were

fabricated with an active area of 0.065 cm2. The current– volt-

age characteristic measurements were carried out in MBraun

glovebox (moisture <0.1 ppm; oxygen <0.1 ppm) under dark.

The C–V and G/w-V characteristics of ITO/PEDOT : PSS/Co-

polymer/Au were carried out with a Keithley 4200 semiconduc-

tor analyzer in the frequency range of 10 kHz to 1 MHz at

room temperature.

RESULTS AND DISCUSSION

Electrical Properties

The thermionic emission (TE) theory can be used to find

electrical properties of the MS, MOS, and MIS structures.

According to the pure TE theory, the current of a Schottky

device or MIS-type devices with a series resistance can be

expressed as18,19

I ¼ I0 exp
qV

kT

� �
� 1

� �
(1)

where I0 is saturation current and can be written as20

I0 ¼ AA�T 2 exp � quBo

kT

� �
(2)

where q is the electronic charge, V is the applied voltage, k is

the Boltzmann constant, T is the absolute temperature in K, n

is the dimensionless ideality factor, Rs is the series resistance of

structure, A is the effective area of the rectifier contact, A* is the

effective Richardson constant usually taken as 120 A/cm�2K�2

for free electron21,22 and uBo is the zero bias barrier height.

When ITO/PEDOT : PSS/copolymer/Au device with Rs in con-

sidered, it assumed that the net current of the diode is due to

TE theory and it can be expressed as V � 3kT=q

I ¼ I0 exp
qðV � IRsÞ

nkT

� �
� 1

� �
(3)

where (V-IRs) is equal to the voltage drop across the diode

(Vd). The reverse saturation current (I0) was obtained by

extrapolating the linear intermediate voltage region of the curve

to zero-applied bias voltage.

uBo ¼
kT

q
ln

AA�T 2

I0

� �
(4)

n ¼ q

kT

dðV � IRsÞ
d ln I

� �
(5)

Figure 2 shows the I–V characteristics of the devices at room

temperature. The forward bias I–V exhibited a linear behavior

at low bias voltage. However, it deviated from linearity at for-

ward bias due to Rs effect and interfacial copolymer layer. The

value of uBo was calculated as 0.453 eV. The n for the device

was obtained from the slope of the I–V curve (eq. 5) as 2.08.

This value is greater than unity revealing a deviation from an

ideal diode. This may be due to presence of an inhomogeneous

organic layer.23,24

The value of Rs for MS, MIS devices is a parameter causing seri-

ous errors in calculating some electrical characteristics. Several

methods were suggested in literature25–27 for the determination

Figure 1. The schematic diagram of ITO/PEDOT : PSS/Copolymer/Au device and the molecular structure of the copolymer. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Forward and reverse bias semilogarithmic I–V characteristics of

organic device. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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of Rs. Cheung’s and Norde methods are the frequently used

ones for the determination of Rs.
28 The n, Rs, and uB were cal-

culated using the Cheung’s method for ITO/PEDOT : PSS/co-

polymer/Au devices. Cheung’s function is defined as28,29

dV

dLnðIÞ ¼ IRs þ nkT

q

� �
(6a)

HðIÞ ¼ V � nkT

q
In

�
I0

AA � T 2

�
¼ IRs þ nuB (6b)

Experimental dV/dLnI versus I and H(I) vs I plots at room tem-

perature for devices are shown in Figure 3(a,b). The slope of

dV/dLnI versus I plot gives Rs and nkT/q as the intercept. The

values of n and Rs were obtained as 2.195 and 2.20

X, respectively. The uB and Rs values were determined from the

H(I)-I plot as 0.523 eV and 2.12 X. The poly((9,9-dioctylfluor-

ene)-2,7-diyl-(4,7-bis(thien-2-yl)2-dodecyl-benzo[1,2,3]triazole))

has a low series resistance. On the other hand, copolymer mor-

phology, bulk resistance, and space charge limited effects can

cause a high ideality factor. In addition, the device electrical pa-

rameter can be also determined from the modified Norde func-

tion as:25,27

FðV Þ ¼ V

c
� kT

q

�
IðV Þ
AA�T 2

�
(7a)

where c is the first integer greater than n and I(V) is the current

for any bias voltage (Vi). The barrier height of the device can

be obtained by using eq. (7b).27

uB ¼ FðV0Þ þ V0

c
� kT

q
(7b)

where F(V0) is the minimum F(V) value of F versus V graph

and V0 is the corresponding. Figure 4 shows the F(V)-V graph

of the structure. Thus, values of Rs can be calculated by Norde’s

method through the relation,27

Rs ¼ kTðc� nÞ
qI

(7c)

Using eqs. (8) and (9) the uB and Rs values were determined as

0.433 eV and 1.90 X respectively. It is clear that the values of Rs

obtained from Cheung and Norde methods are in good agree-

ment with the experimental Rs value.

The C–V and G/w plots in the frequency range of 10 kHz to1

MHz for the ITO/PEDOT : PSS/copolymer/Au device are shown

in Figure 5(a,b). The values of C reveal a peak for each fre-

quency and decrease with increasing frequency. The values of G/

w show a U behavior for each frequency and decrease with

increasing frequency. The existence of the maximum value of

the peak in the C–V plot of MS and MIS structures has been

explained by molecular restructuring and reordering of the

interface states and series resistance.28,29Figure 3. The experimental (a) dV/dLnI versus I plot (b) H(I) versus I

plot of organic device. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 4. The experimental F(V)-V graph of organic device. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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The real series resistance of MIS devices can be subtracted from

the measured capacitance (Cma) and conductance (Gma) in

strong accumulation region at high frequency.27 In addition,

voltage and frequency dependence of series resistance can be

determined using C–V and G/w-V measurements. At a given

frequency, to determine Rs, the MIS devices are biased into

strong accumulation. Then the admittance Yma is given by27,

Yma ¼ Gma þ jxCma (8)

Rs was calculated from the admittance measured in strong accu-

mulation according to27

Rs ¼ Gma

G2
ma þ ðxCmaÞ2

(9)

where Cma and Gma represent the measured capacitance and

conductance in strong accumulation region.

As shown in Table I, the Rs decreases systematically with

increasing frequency for each forward bias voltage. In addition,

Rs values are about equal in the voltage range 0–1 V. At 1 MHz,

Rs value is in good agreement with Norde and Cheung’s Rs

value. When the measurements are carried out at a sufficiently

high frequency (>700 kHz), the charge at the interface states

cannot follow AC signal. As seen in Table I, at low frequency, Rs

has a high value where the interface states are intensive.

Dielectric Properties

The frequency dependence of e0,e,00 and rac were evaluated from

the capacitance and conductance measurements for ITO/

PEDOT : PSS/copolymer/Au device in the frequency range of

10–500 kHz. The complex permittivity can be written as30–32

e� ¼ e0 � ie00 (10)

where e0 and e00 are the real and the imaginary of complex per-

mittivity, and i is the imaginary root of -1. The complex per-

mittivity formalism has been used to describe the electrical and

dielectric properties. In the e* formalism, in the case of admit-

tance Y* measurements, the following relation holds

e� ¼ Y �

jxC0

¼ C

C0

� i
G

xC0i
(11)

where C and G are the measured capacitance and conductance of

the dielectric material at M/S interface, and x is the angular fre-

quency (x ¼ 2pf) of the applied electric field.32 At the various

frequencies, the real part of the complex permittivity, the dielec-

tric constant (e0), is calculated using the measured capacitance

values at the strong accumulation region from the relation,32

e0 ¼ C

C0

¼ Cdi

e0A
(12)

where C0 is capacitance of an empty capacitor, A is the rectifier

contact area of the structure in cm�2, di is the interfacial

Figure 5. The voltage dependent plot of C–V and G/w for organic devices

in the frequency range of 10 kHz to 1 MHz. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Table I. The Rs(X) Values of Organic Device in the Frequency Range of 10 kHz to1 MHz

Frequency (kHz) 0 V 0.2 V 0.4 V 0.6 V 0.8 V 1.0 V

10 287.644 287.529 287.529 287.644 288.212 307.486

50 78.702 78.671 78.671 78.70242 78.857 84.118

100 44.471 44.453 44.453 44.471 44.559 47.548

250 12.242 12.237 12.237 12.242 12.268 12.947

500 5.378 5.374 5.376 5.374 5.378 5.667

1000 4.111 4.108 4.110 4.108 4.111 4.332
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insulator layer thickness, and e0 is the permittivity of free space

charge (e0 ¼ 8.85 � 10�14 F/cm). In the strong accumulation

region, the maximum capacitance of the structure corresponds

to the insulator capacitance (Cac ¼ Ci ¼ e
0
e0A=di). At various

frequencies, the imaginary part of the complex permittivity, the

dielectric loss (e00) are calculated using the measured conduct-

ance values from the relation,

e0 0 ¼ G

xCi

¼ Gdi

e0xA
(13)

The rac of the dielectric material can be given by the following

equation,30–32

rac ¼ xC tan dðd=AÞ ¼ e00xe0 (14)

Figure 6(a,b) show the voltage dependence of the real part of e0

and e00 of ITO/PEDOT : PSS/copolymer/Au device in the fre-

quency range of 10 kHz to 1 MHz. The values of the e0 and e00

were found strongly voltage and frequency dependent. As seen

from Figure 6(a), the voltage dependence of e0 has a peak for

each frequency and that of e00 reveals a U-shaped behavior as

given in Figure 6(b). The peak behavior of the e0 depends on a

number of parameters; such as doping level, interface state den-

sity, series resistance of device.14,32 It is noticed that the values

of e0 increase with decreasing frequency. The reason for this

may be that the polarization decreases with increasing frequency

and then reaches a constant value. This may be due to the fact

that beyond a certain frequency of external field, the electron

hopping cannot follow the alternative field. The dispersion in e0

with frequency can be attributed to Maxwell-Wagner type inter-

facial polarization, that is. the fact that inhomogeneity gives rise

to a frequency dependence of the conductivity as charge carries

accumulate at the boundaries of less conducting regions, thereby

creating interfacial polarization.30–32 The rac behavior of ITO/

PEDOT : PSS/copolymer/Au device in the frequency range of 10

kHz to 1 MHz is presented in Figure 7. It is noticed that DC

conductivity is generally increased with increasing the frequency.

This DC conductivity contributes only to the dielectric loss

which becomes infinite at zero frequency.31

CONCLUSIONS

The I–V, C–V, and G/w–V characteristics of benzotriazole- and

fluorene-based organic devices were measured at room tempera-

ture. Electrical and dielectric properties of thin film sandwich

devices have been investigated using current–voltage and capaci-

tance–voltage methods. The uBo, n obtained from the forward

bias LnI-V characteristics were found as 0.453 eV, 2.08, respec-

tively. In addition, uB and n obtained from the Cheung’s func-

tion and found as 0.523 eV, 2.195, respectively. The Rs values

were found as 2.20, 2.12, 1.90 X using dV/dLnI versus I,

H(I) versus I, and F(V)-V plots, respectively. The minimum of

the C values coincides with the maximum of the conductance

and C and G/w decrease with increasing frequency. This obser-

vation may be attributed to capacitive response of interface

Figure 6. Voltage dependence of the (a) e0 and (b) e00 in the frequency

range of 10 kHz to1 MHz for organic device. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Voltage dependence of rac in the frequency range of 10 kHz to

1 MHz for organic device. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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states. The e0 and e00 decrease with increasing frequency. Also,

the rac increase with increasing frequency due to the accumula-

tion of charge carries at the boundaries. As a result, the behav-

ior of electrical and dielectric properties especially depends on

frequency, copolymer morphology, the density of space charges,

and fixed surface charge for an organic device.
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