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Abstract: The charge carrier conduction processes and dielectric properties of two new materials based on 
anthracene core structure, 1-(9 anthrylvinyl)-4-benzyloxybenzene (AVB) and 1,4-bis(9-anthrylvinyl)benzene 
(AV2B) diodes have been investigated using dc current density–voltage (J–V) and AC impedance spectroscopy 
(100Hz–10MHz). The DC electrical properties of ITO/anthracene derivative /Al device showing an ohmic 
behavior at low voltages and switches to space charge limited current (SCLC) conduction with exponential trap 
distribution at higher voltages. The best performance device was achieved from ITO/AVB/Al structure showing 
the high charge carrier mobility which has also been evaluated from SCLC as 6.55×10-6 cm/Vs. According to 
the impedance spectroscopy results the structures were modeled by equivalent circuit designed as a parallel 
resistor Rp and capacitor Cp network in series with resistor Rs. The evolution of the electrical parameters with 
frequency and bias voltage of these anthracene-based systems has been discussed. The conductivity σ(ω) 
evolution with frequency and bias voltage was studied for ITO/anthracene derivatives/Al devices. The dc 
conductivity σdc for these devices has been determined. The ac conductivity σac showed a variation in angular 
frequency as A.ωs with a critical exponent s < 1 suggesting a hopping conduction mechanism at high frequency. 
Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

Organic π-conjugated derivatives have recently a 
great interest as semi-conducting materials and have 
been successfully applied in different organic 
electronic devices such as organic light emitting 
diodes (OLEDs) [1, 2], thin film transistors (TFTs) 
and solar cells [3–6]. In fact, such organic functional 
materials offer numerous advantages like low-cost, 
easy processing (e.g. spin-coating, ink-jet, 

evaporation) and good compatibility with flexible 
plastic substrates. Furthermore, molecular electronic 
devices are being recently a key subject in 
nanotechnology developments.  

Anthracene was one of the first aromatic 
materials employed in OLED elaboration. The first 
experiments were carried out by Pope in the early 
1960s [7]. Soon after, several reports on single-
crystal anthracene-based OLEDs were published  
[8, 9], and good quantum yields were obtained (up to 
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5 %). Nevertheless, such devices are thick and hence 
require very high operating voltage (over 100 V). The 
improvement in the operating voltage was achieved 
by vacuum evaporating thin layers of anthracene; in 
this case the operating voltage was lowered up to 30 
V [10]. Currently, anthracene and its derivatives were 
much investigated [11] and frequently used in 
OLEDs [12], as well as in other organic thin-layer-
based electronic devices such as Organic thin-film 
transistors (OTFTs) [4] transistors and photovoltaic 
cells [13]. Tuning the opto-electronic properties of 
such derivatives has become nowadays possible due 
to the drastic development of chemical technology. 
On the one hand, effective synthetic strategies are 
now available. On the other hand, it is a challenge to 
address and influence the electronic properties of the 
conjugated backbone from the outside via specific 
interactions of covalently attached functional groups 
with external chemical or physical stimuli. Hence, 
there is a clear need to control and improve their 
solid state charge transporting properties for 
achieving device optimization. Thus, there are 
increasing interests in studying the relationship 
between the charge transporting properties of π-
conjugated organic materials and their molecular 
structures. Attractive non bonded interactions 
between aromatic rings are seen in many areas of 
chemistry and recently in physics when conjugated 
polymers are studied, and hence are of interest to all 
realms of chemistry and physics [14]. 

In this work, we report the electrical properties 
investigation of two new anthracene-based 
conjugated molecules. The device investigated 
consist of the indium-tin-oxide (ITO) acting as a 
transparent hole injecting electrode on to which, the 
AVB and AV2B was deposed by evaporation under 
vacuum as well as for the Al on top acting as electron 
injecting electrode. The thickness of the organic film 
was estimated to be 350 nm. Our investigations of the 
ITO/AVB/Al and ITO/AV2B/Al diodes are focused 
on the electrical and carrier transport properties. First 
we present the experimental current density-voltage 
(J–V) characteristic of the device model, second we 
studied impedance spectroscopy (IS). After that, we 
discuss different regimes of conduction of the 
current, and finally, we give the equivalent circuit 
model. 

 
 

2. Experimental: Sample Preparation 
and Characterization  
 
This work is based on two new anthracene-core 

conjugated systems (Fig. 1), 1-(9-anthrylvinyl)-4-
benzyloxybenzene (AVB) and 1,4-bis(9-anthryl-
vinyl)benzene (AV2B), whose synthesis has been 
reported in previous work [10]. 

The devices in our study consist of a single 
organic layer sandwiched between two electrodes on 
top of a glass substrate (Fig. 2). They were fabricated 
on ITO-coated glass substrates (Merck Display 

Technologies, Ltd.) with a sheet resistance of  
13 Ω/square, used as anode. The organic layer were 
deposited by thermal evaporation under a vacuum of 
5*10-6 Torr, which is a technique compatible with 
integrated circuit technology and the fabrication of 
surfaces with uniform morphology. The evaporation 
temperature was maintained at about 270–280 °C and 
the evaporation rate (0.5 nm/s) and the deposited film 
thickness (350 nm) is controlled by a piezoelectric 
quartz crystal microbalance [15].  

 
 

AVB AV2B

O

 
 

Fig. 1. Chemical structure of anthracene derivatives. 
 
 

 
 

Fig. 2. ITO/anthracene derivative/Al diode heterostructure. 
 
 

The substrate was pre-cleaning successively for  
20 min in acetone and isopropyl alcohol in an 
ultrasonic bath and finally dried by a nitrogen gas 
flow. Such pre-cleaning process ensures an ITO 
substrate of good quality with reduced roughness 
without any glass fragments (due to cutting of small 
devices) and organic contaminants or any residual 
humidity. Then, the anthracene derivative was 
evaporated onto the ITO electrode. In order to study 
the transport properties an aluminium contact was 
evaporated, as a top electrode, at a pressure below  
10-6Torr. The active areas of the diodes are 
approximately 3.14×10-2 cm2.  

The current–voltage characteristics of the 
ITO/anthracene derivative/Al devices were measured 
from an applied bias of -5 to 5 V by using a Keithley 
236 source measure unit. The diode structure studied 
is a metal/polymer/metal consisting of indium tin 
oxide as positive contact and an Aluminium electrode 
as the negative contact as shown in Fig. 2. The ac 
measurements were performed with an HP 4192A LF 
impedance analyzer. In general, the excitation 
potential for ac measurements is given by: 

 
 )sin(mod0 tVVV ω+= , (1) 

 
where V0 is the DC bias, Vmod is the oscillation level 
and ω/2π is the frequency. In our case, the 
measurements were performed under the following 
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conditions: a signal magnitude of 50 mV was used 
over a frequency range of 100–10 MHz using a 
computer controlled HP 4192A LF. All these 
measurements were performed in the dark and at 
room temperature. 
 
 

3. Results and Discussion 
 

3.1. DC Study: Current Density-voltage 
Characteristics 

 

The electrical transport properties are important in 
optoelectronic devices. The transport of charges has 
been investigated using current density-voltage (J–V) 
measurements in indium tin oxide: ITO/AVB/Al and 
ITO/AV2B/Al diode structures (Fig. 3). 
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Fig. 3. The J-V characteristics of ITO/AVB/Al 
and ITO/AV2B/Al devices. 

 
 
The J-V curve shows a typical diode response in 

both forward and reverse bias. The current values 
obtained for AVB is two decades higher than 
measured for AV2B. This difference is attributed to 
the morphology quality of the two films. Indeed, the 
presence of crystalline zones in the AVB film 
enhances their conductive properties [10]. Moreover, 
the nature of the side group demonstrates that 

benzyloxy group incorporated in the AVB derivative 
can give rise to distinct morphological characteristics, 
impacting its electrical behavior and it can be useful 
in the control of the π-π stacking of rigid conjugated 
olygomers. It is well established that an increase in 
the number of benzene groups leads to an increase in 
conductivity in a conjugated system because of  
π-π-stacking phenomenon [14]. However, the AVB 
olygomer, which has the lowest number of benzene 
groups, has a greater conductivity than the AV2B 
olygomer. This behavior can be explained by the 
presence of crystalline regions in the first material 
while the second is completely amorphous [10]. The 
density of charge carriers (p0), turn-on voltages (Von) 
and effective mobility (µ) are extracted and are 
presented in Table 1. The asymmetric J-V 
characteristic at higher voltages is attributed to the 
difference of injection barriers to electrons and holes 
due to different work functions for the ITO anode  
(4.7 eV) and the Al cathode (4.3 eV).  

The J-V characteristic in log-log plots of ITO 
/anthracene derivatives /Al is shown in Fig. 4.  
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Fig. 4. The log–log of the J-V characteristics  
of ITO/AVB/Al and ITO/AV2B/Al devices. 

 
 
The current dependence of applied voltage 

appears to follow a power law (J∝Vm) with three 
regimes corresponding to: 
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At low bias voltage, the current increases linearly 
with voltage for the two devices, which indicates an 
ohmic conduction (J∝V) (segment a). For this 
regime, the current density is described by [16]:  
 

 
d

V
qpJ μ0=Ω

, (2) 

 
where q is the electronic charge, μ is the charge 
carrier mobility, p0 is the free carrier density, V is the 
applied voltage, and d is the film thickness.  

In the second regime, for medium bias voltage 
(segment c), the current density increases rapidly 
with voltage and it is described by J∝V m+1. This is 
attributed to SCLC conduction mechanism limited by 
distributed traps since the injected charge carriers 
will fill the traps of the material [17]. In this region, 
the current increases in a power law (J∝V10) and it is 
observed only for the ITO/AV2B/Al structure.  

At higher bias, all traps are full and the current 
density depends quadratically on the voltage (J ∝V2) 
(segment b). This behavior is characteristic of space-
charge limited current (SCLC), in which case the 
current density in the absence of traps in the organic 
film can be written as [18, 19]: 
 

 
3

2

08

9

d

V
J rSCLC μεε= , (3) 

 
where εr is the organic material permittivity and ε0 is 
the permittivity of vacuum. 

The mobility is one of the most relevant 
parameters to select the materials used in the 
production of optoelectronic devices. Indeed, the 
performance of the device depends on the mobility 
which governs the recombination between holes 
(injected at the anode) and electrons (injected at 
cathode) in the organic diodes. They are different 
technique to estimated the value of mobility such as 
Time of flight method (TOF) [20, 21], Fieled-Effect 
Transistor Configuration (FET) [22] and Space 
Charge Limited Conduction (SCLC) mechanism [23, 
24]. In this work, the hole mobility of the materials 
has also been evaluated from SCLC theories. In order 
to determine the dependence of mobility versus the 
density of charge carriers, we can define the bias 
voltage Vtr from which the J–V characteristic 
transform into the SCLC regime, is given by [25]:  

 
 

r
tr

d
qpV

εε 0

2

09

8= , (4) 

 
by taking εr ≈ 3 and d thickness film, p0 is the density 
of thermally generated charge carrier.  

In Table 1, we present extrapolated parameters 
from J–V characteristics for the two devices. The 
values of holes mobility is 6.55 10-6 cm/Vs (AVB) 
and 3.03×10-8 cm/Vs (AV2B). We believe that our 
materials are good candidates for optoelectronic 
applications such as photovoltaic cells, OLEDs and 
organic transistors. 

Table 1. Electrical parameters for ITO/AVB/Al  
and ITO/AV2B/Al devices from J-V characteristics. 
 

Device structure ITO/AVB/Al ITO/AV2B/Al 
Von (V) 2.27 2.73 
p0(cm2/V.s) 1.58×1015 1.21×1015 
µp(cm2/Vs)  6.55×10-6 3.03×10-8 

 
 

3.2. AC Study: Impedance Spectroscopy 
 
Impedance spectroscopy has shown to be a useful 

tool to understand the transport mechanisms and 
interface processes in different organic electronics 
and optoelectronics components (OLEDs) [26, 27]. 

It is clear from Fig. 5 that the evolution of 
conductivity σ increases with increasing both 
frequency and bias voltages. As can be seen, at low 
frequency the conductivity σdc at (ω→0) remains 
constant. However, after a critical frequency (fc), the 
conductivity σac starts to increase with increasing the 
frequency. Indeed, for ac conductivity, the charge 
carrier will hop from a site i to another site j (during 
τH) where it will relax during τ0 (related to AC 
electrical parameters of the previous section). 
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Fig. 5. Frequency dependence of the conductivity σ (ω)  
for ITO/AVB/Al and ITO/AV2B/Al  

at different bias voltages. 
 
 

Therefore, the frequency dependence of 
conductivity can be expressed by the following 
equation [29, 31]:  
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 s
dcacdc A +  = )( +  = ωσωσσσ , (5) 

 

where σdc is the dc electrical conductivity, σac(ω) is 
the ac conductivity, ω is the angular frequency of the 
applied excitation, A is the dispersion parameter and s 
the dimension less critical exponent 0 < s < 1 
characterizing hopping conduction. 

This is a typical behaviour for a wide variety of 
materials and is called by Jonscher universal dynamic 
response (UDR) [32]. The characteristic frequency 
corresponding to the onset of the conductivity 
dispersion is known as the hopping frequency, fH 
[33], and can be identified as the frequency at which 
 

 )0(2σσ = , (6) 
 

By fitting the plot of Fig. 5 (at 0 V), after 
extracting A and s, we have obtained fH from the 
universal law: 
 

 sAf dcH

1

)(σ= , (7) 
 

Then, for AVB and AV2B, we have deduced the 
hopping relaxation time (at 0 volt): 
 

 )1( HH f=τ , (8) 
 

We summarize in Table 2 the hopping conduction 
parameters at 0 V for (σdc, A, s, fH and τH): 

Knowing that τ0 and τH are respectively the time 
spent by the charge carrier to relax in a site i and the 
time to jump from site i to site j, the best conductive 
material will have the lowest sum (τ0 + τH) which is 
the case of the ITO/AVB/Al device (Table 2). In fact, 
this behaviour confirms the obtained results of the 
static electrical characterizations.  
 

 
Table 2. Ac electrical and hopping parameters f 
or ITO/anthracene derivative/Al devices derived  
from the impedance spectroscopy study at 0 volt. 

 
Device structure ITO/AVB/Al ITO/AV2B/Al 
Rs  (Ω) 331 785 
Cp (nF) 29 40 
Rp  (MΩ) 0.905 108.54 
f0 (kHz) 33.657 0.176 
τ0 (ms) 0.03 5.68 
S 1.02306 0.95029 
σdc (S m-1) 0.00098 0.00001 
A (S m-1 rad-1) 9.6611E-7 1.9474E-6 
fH (Hz) 867.838 5.593 
τH (ms) 1.15 178.77 
τ0 + τH(ms) 1.18 184.45 

 
 

Fig. 6 shows the frequency-dependent real (Z’) 
and imaginary (Z’’) part of the impedance for all the 
two devices without bias. It is observed that the 
magnitude of Z’ decreases with the increase of 
frequency for all the devices. The curves also display 
the single relaxation process and indicate an increase 
in ac conductivity with frequency. The Z’’ reaches a 
maximum peak Z’’max(ωmax) for all the devices at 

different frequencies .This also indicate the single 
relaxation process in the system.  
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Fig. 6. The frequency dependent real and imaginary part  
of the impedance for (a) ITO/AVB/Al and (b) ITO/ AV2B 

/Al at different bias voltages. 
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Fig. 7 shows the impedance Cole–Cole plots of 
ITO/AVB/Al diode structure. This plot shows a 
single semicircle close to the origin which decreases 
in size with increasing bias. The minimum Re (Z) 
value observed at high frequencies represents the 
existence of a series resistance Rs to the capacitor Cp. 
The maximum Re (Z) value at low frequencies 
corresponds to the summation of the series resistance 
Rs and the parallel resistance Rp to the capacitor Cp.  
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Fig. 7. Cole–Cole plots of complex impedance  
with a variation of bias voltages in ITO/AVB/Al.  
Symbols are experimental results and lines are fits 

according to the equivalent circuit. 
 
 
The impedance spectra were fitted by the 

following equation [34]: 
 

 

ω
ω

pp

p
s CjR

R
RZ

+
+=

1
)( , (9) 

 
We plotted the data in log–log scale (Fig. 8). The 
slopes are obtained 0.5 and 0.6 for two devices at  
0 volt. It suggests a single characteristic relaxation 
time. It suggests a single characteristic relaxation 
time [35, 36]. The single semi circle is observed with 
calix[n]arene derivatives[37], anthracene derivatives 
[10], PPV derivatives[38] and Alq3 device [39].  

The impedance of the equivalent circuit is  
given by:  

 
 "')Im()Re()( jZZZjZZ +=+=ω , (10) 
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where ω is the angular frequency of the ac excitation 
and ω0=1/CpRp is the proper angular frequency of the 
equivalent electrical circuit. Eliminating the angular 
frequency we obtain the following equation relation: 
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Fig. 8. The Cole–Cole plots of ITO/AVB/Aland 
ITO/A2VB/Al at 0 volt (in log-log representation). 
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This equation defines a circle centered at  
(Rs + Rp/2, 0) with radius Rp/2. Consequently, the 
equivalent circuit in ac regime represented in the 
inset of Fig. 7 can be designed as a resistance Rp (due 
to relaxation losses inside the active material) in 
parallel with a capacitance Cp (due to charge carrier 
injection into the material bulk) associated with a 
resistance Rs in series. 

The minimum Re(Z) value observed at high 
frequencies represents a series resistance Rs which is 
bias and frequency independent and should be 
attributed to the hole injecting ITO/anthracene 
derivatives interface which can be regarded as ohmic. 
The resistance Rs is about 331 Ω and 785 Ω for AVB 
and AV2B, respectively, for 0 V. The maximum 
Re(Z) value at low frequencies represents the 
addition of a series resistance Rs and a parallel 
resistance Rp to the capacitance. The resistance Rp is 
strongly bias dependent. The parameters of the 
equivalent circuit have been calculated by fitting the 
experimental impedance spectroscopy data (Fig. 9). 

The peak frequency, ωp, of the Cole–Cole plots 
for different structures shifts to the higher frequencies 
when the bias voltage is increased from 0 to 1.5 V  
(Fig. 8). The peak frequency of the semicircle 
satisfies the relation ωp.τ0 = 1, where τ0 is the 
dielectric relaxation time. τ0 values ( ms) indicate 
that the type of relaxation is dipolar. We showed that 
the relaxing times, decreases with the increase in the 
bias voltage, of AVB compound is lower than that of 
AV2B. 

The variations of the fitting parameters of 
ITO/AVB/Al are shown in Fig. 9. The same behavior 
is observed for AV2B. Bulk resistance Rp is 
decreasing with increasing bias voltage which is due 
to the increase in the number of injected carrier in to 
the material and the bulk capacitance Cp is almost 
independent of the applied bias indicating that despite 
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the level of injected charge, the device still 
effectively acts as a simple parallel plate capacitor. 

The independence of Cp with applied bias is 
exactly the behavior expected for the SCLC 
mechanism. From the space charge limited current 
(SCLC) with an exponential trap distribution theory, 
the voltage dependent current density is given by the 
relation [40]. 
 

 121 / ++= mm dKVJ , (14) 
 

where d is the thickness of the film and K is the 
constant.  
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Fig. 9. Variation of the fitting parameters capacitance 
Cp and resistance Rp with bias voltages. The inset 

log–log plot of Rp with applied bias voltages. 
 
 

Therefore, the voltage dependence of the Rp is given 
by [40]: 
 

 m
p VJVR −∝∝ / , (15) 

 
To determine the properties of the trap 

distribution in our devices, we represent in inset Fig. 
9 the variation of Rp with V in a log–log scale. For 
two devices, a linear variation of the parallel 
resistance versus voltage (with m =1.28 for AVB and 
m =1 for AV2B) implies that conductance of the hole 
in anthracene thin film is consistent with an 
exponential trap distribution. The carriers may be 
trapped by structural defects or chemical impurities. 
Furthermore, the invariance of Cp with applied bias is 
well confirmed by the SCLC conditions. More 
detailed information about the transport properties of 
the device can be obtained by studying the different 
complex formalisms [30]. Each of which consists of 
real and imaginary components, namely 

- Complex admittance, ωω pp jCRjYYY +=−= 1)( "'* ; 

- Complex modulus, "'* )( jMMM −=ω  and 

- Complex permittivity, "'* )( εεωε j−=   
 
 

4. Conclusions 
 

We have studied a comparative study of dc 
current density–voltage (J-V) and ac impedance 
spectroscopy characteristics from two devices based 

ITO/anthracene derivatives/Al. For both the devices, 
charge carrier conduction is ohmic at lower bias and 
switches to the SCLC mechanism with an 
exponential trap distribution at a higher applied bias. 

The impedance spectroscopy was showed that the 
sample can be modeled to a single parallel RpCp 
circuit with a small resistance Rs. The variation of 
conductivity with frequency and bias voltage was 
studied for ITO/anthracene derivative/Al devices. 
These features make the two new anthracene 
derivatives good candidates for optoelectronic 
applications. 
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