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Alternating current (AC) conductivity and dielectric properties of thermally evaporated Au/PtOEP/Au thin films are
investigated each as a function of temperature (303 K—473 K) and frequency (50 Hz-5 MHz). The frequency dependence
of AC conductivity follows the Jonscher universal dynamic law. The AC-activation energies are determined at different
frequencies. It is found that the correlated barrier hopping (CBH) model is the dominant conduction mechanism. The
variation of the frequency exponent s with temperature is analyzed in terms of the CBH model. Coulombic barrier height
W, hopping distance Ry, and the density of localized states N(Ep) are valued at different frequencies. Dielectric constant

€1(,T) and dielectric loss & (®,T) are discussed in terms of the dielectric polarization process. The dielectric modulus

shows the non-Debye relaxation in the material. The extracted relaxation time by using the imaginary part of modulus (M"')

is found to follow the Arrhenius law.

Keywords: PtOEP thin films, AC conductivity, dielectric constants, organic semiconductors, solar cell, nano

materials
PACS: 72.15.v, 72.20.-, 73.63.b, 73.50.h

1. Introduction

Organic semiconductors are comprised of organic mate-
rials such as organic oligomers, polymers and small organic
molecules, which are formed by a m-conjugated system.!!]
They are easily processed due to their flexibility, light weight,
and low sublimation point. Band theory is used to describe
the electronic transitions of organic and inorganic semicon-
ductors. More detailed descriptions of the highest occupied
molecular orbital (HOMO m—orbitals) and the lowest unoccu-
pied molecular orbital (LUMO; m*-orbitals) and their relations
with the valence and conduction band of inorganic semicon-
ductors are available everywhere.!!-6]

Porphyrin has a wide range of variable properties because
of its stability, free base and its two active positions, meso and
beta. The free base of porphyrin can be combined with metals
such as Mg, Fe, Zn, Ni, Co, Cu, Zn, and Pt to form metallo-
porphyrin. %78
properties. Metalloporphyrin is considered to be a promis-

1 Of course, metallo-porphyrin has different

ing organic material, and it has many applications such as gas
sensors, solar cell and photo voltaic systems, data storage me-
dia, optoelectronic devices and biological applications.[*~!?]

Owing to the limitations and hazards of the available organic
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materials and because of the dramatic increase of the indus-
trial sectors of nanomaterials and nanotechnology, new or-
ganic materials with high quality and new properties, new re-
searches are needed to solve these problems. Platinum oc-
taethylporphyrin metalloporphysin or (PtOEP) is one of the
newest promissing organic materials in the mentioned fields.
So it is important to understand the nature of the conduction
mechanism!!3~131 to obtain the information about the interior
of PtOEP in the region of relatively low conductivity and dis-
tinguish between localized and free band conduction.!'® Fur-
thermore, dielectric relaxation studies are also important for
understanding the nature and the origin of dielectric losses,
which in turn may be useful for determining the structures and
defects in solids.[!”!

Various models have been proposed to explain the
AC conductivity.['3-171 Many studies of porphyrin deriva-
tives: H,TPP,I8] FeTPPCL ! CoMTPP,*" and CuTPP[?!)
NiTPP!":8221 were performed. Platinum octaethylporphyrin
(PtOEP) nanostructure and optical properties were studied

23241 According to the available lit-

through our earlier work.!
erature, AC conduction mechanism and dielectric properties of

thermally evaporated PtOEP thin film have not been reported
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yet. The present work focuses on the effects of temperature
(303 K-473 K) and applied frequencies (50 Hz—5 MHz) on
the electrical conductivity of PtOEP film respectively. More-
over, dielectric constants and complex dielectric modulus of
PtOERP thin film are also studied.

2. Experimental details

2.1. Preparation of samples

Pt(IDoctaethylporphyrin (PtOEP) powder provided by
Aldrich was used to prepare 220-nm thick PtOEP films by
using an Edwards E306A coating unit. Film thickness and
deposition rate were controlled by using a quartz crystal thick-
ness monitor (Edwards, FTMS5) and confirmed by Tolansky’s
interferometric technique.>! The schematic diagram of the

molecular structure of PtOEP is shown in Fig. 1.

CH,CH, CH,CH,

CH,CH, CH,CH,

CH,CH, CH,CH,

CH,CH, CH,CH,

Fig. 1. The molecular structure of PtOEP.

top Au electrode

bottom Au electrode

Pt OEP thin film

glass substrate

Fig. 2. (color online) The structure diagram of Au/PtOEP /Au.

The Au/PtOEP/Au sandwich structure was used to in-
vestigate the alternating current (AC) electrical properties as
indicated in Fig. 2. The layer thickness values of the men-
tioned design were 100, 220, and 100 nm, respectively. The
PtOEP deposition process was performed at a deposition rate
0.3 nms~! and vacuum of 10~° Torr (1 Torr = 1.33322 x
102 Pa), and a deposition rate of 0.5 nms~! for the gold elec-

trode. The lower and upper gold electrodes were deposited

through masks, they were circular in shape each with an ef-
fective area of 0.20 cm?. The two-point probe technique was
used to measure AC conductivity. All measurements of PtOEP
thin films were performed in air and dark conditions, sepa-
rately. A NiCreNiAl thermocouple with an accuracy of +1 K
was used to measure the sample temperature. AC electrical
measurements were performed by using a programmable au-
tomatic LCR Bridge (model Hioki 3532-50 Hitester).

2.2. AC electrical measurements

Total electrical conductivity o(w), dielectric constant €,
and dielectric loss & of PtOEP film were calculated respec-

tively according to!1426]

o-ac(w) = G(a))_cdm (1)

where 0Og is the dc conductivity, which is independent of fre-
quency. Its value can be obtained by extrapolating the exper-
imental data of o(®) at low frequency down to zero value,
and o, is the frequency-dependent conductivity. o(®) can be
calculated from

o(w)= 7R 2
where d is the film thickness, A is the cross-sectional area, and

Z is the impedance

Cd
& =— 3
1= A (3)
where g is the permittivity of free space.
& =€ tan6, 4)

where tan§ (6 =90 — ¢) is the dissipation factor.
The frequency-dependent AC electrical conductivity, Oy

can be expressed by the following equation?”-28]
Ouc(0) =AW’ )

where o is the angular frequency, A and s are the frequency
and exponent factor both of which are temperature-dependent
parameters. The frequency exponent s is obtained by least
squares straight-line fit of the experimental data and is plotted
as a function of temperature. There are many theoretical mod-
els proposed to explain the conduction mechanism of o, with
s(T) behavior, i.e., the quantum-mechanical tunneling (QMT)
model, small polaron tunneling (SPT) model, large polaron
tunneling (LPT) model, atomic hopping (AH) model, and cor-
related barrier hopping (CBH) model.*’>°! The CBH model
is a dominant conduction mechanism in our obtained data.

The value of s is in a range from 0.7 to 1.0 at room tem-
perature, and decreases with increasing temperature according
to CBH.

In the CBH model,27-39 the conduction mechanism oc-

curs via a bipolaron hopping process. It was concluded that
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two electrons simultaneously hop over the potential barrier,
this hopping occurs between two charged defect states (D
and D) and Coulombic interaction controls the correlation be-
tween the barrier height and the intersite separation. At high
temperatures, thermal excitations of D* and D™ states and sin-
gle polaron hopping produce D states.

The exponent s was found to obey the following

equation!?*!

6kgT
=1- 6
s [WM +kBTln(wT0)]’ ©

where Wy is the maximum barrier height for hopping at in-
finite separation also, which is called the binding energy of

[27.29] kg is the Boltzmann con-

the carrier in its localized sites,
stant, and 7 is a characteristic relaxation time which is on the

order of an atom vibration period T = 107!2 s. The value of

W can be calculated according to[?”!
s=1— 6{}‘;? %
M

The value of s is in a range from 0.7 to 1.0 at room temper-
ature, and decreases with increasing temperature according to
CBH.

The hopping distance R, the lower bound (cutoff) Ryin,
and the Coulombic barrier height Wy, are calculated respec-

tively from the following eauations(?7-2%-31-34]

62

"~ meeo [Wat — kT In(1/070)]’

®)

Ro

where e is the electronic charge and € is the dielectric constant

of material

2
Runin = ———— 9
min ﬂg&)WM’ ()
o2
Wn=WMm— . 10
m M eeRa (10)

According to the Austin—-Mott formula based on the CBH
model, 0,c(®) can be explained in terms of hopping of elec-
trons between pairs of localized states at Fermi level. The
Oy (@) is related to the density of localized states N(Er) at

Fermi level, which is given by the following equation!3’!

Goc(@) = geszTa_S IN(ER)? [m (%)}4 (1)

where o is the exponential decay parameter of the localized
state wave function and Vyy, is the frequency of the phonons.
The dependence of 0,¢(T) on temperature was found to obey
the well-known relation!!3!

Cac(T) = Gpexp [AE“} , (12)

ksT

where 0y is the pre-exponential constant, and AE,, is the ac-
activation energy.

Electrical transport process parameters can be analyzed
by complex electric modulus formalism. This presents an al-
ternative approach based on polarization analysis. Complex
electric modulus plots give more importance to elements with
the smallest capacitance occurring in the dielectric system.
The real and imaginary parts of the electric moduli M’ and

M" can be calculated from € and &, as follows: 36381

*717 I g
M =— =M +iM",

= 13
- (13)

/ €
- 14
el +¢? (4

&
V= 15
el +¢? (15

The temperature dependence of the characteristic relaxation

time can be calculated from the Arrhenius relation[!43°]

—AE,
WOmax = W €Xp )

T (16)

where @y is the pre-exponent factor, and AE|, is the activation

energy for dielectric relaxation, which is about 0.21 eV.

3. Results and discussion
3.1. AC conductivity
3.1.1. Frequency-dependent conductivity

The curves of frequency dependent AC electrical conduc-
tivity, Oy, at different temperatures are shown in Fig. 3.

-8

—10

—12

—14

Ino, /Q"cm™!

—16 —=—303—+—418
——313 433
323—e— 453
—~18 —»—363—*— 473
393
720 1 1 1 1 1 1
4 6 8 10 12 14 16

Fig. 3. (color online) The frequency dependence of o, for PtOEPfilm as a
function of temperatures.

The calculated value of s of PtOEP thin film decreases
with the increase of temperature, and ranges from 0.86 to 0.97
and relates to the CBH model.?7-3!

By plotting (1 —s) versus T as shown in Fig. 4 and us-
ing its slope, the binding energy Wy is found to be 0.977 eV.
The value of Wy is equal to the band gap E, for the material
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of conduction by bipolaron hopping. For the case of single-
polaron transport, the value of Wy in the CBH mechanism
is equal to one quarter of Eg.[‘“’*m In our case, the value of
Ww is approximately a quarter of fundamental energy gap of
PtOEP thin film!>*! indicating that the single polaron hopping

is a dominating mechanism.

0.14

©
P ¢
no

—
1-s

0.90F A
L/ \ H0.06
A
0.88 [ / "

F \l 10.04

T~

0.86 [* "
1 1 1 1 1 1 1 1 002

300 340 380 420 460
T/K

Fig. 4. The temperature dependence of s and 1 — s for PtOEP film.

The values of R, lower bound (cutoff) Ry, and the
Coulombic barrier height Wy, are given in Table 1 at various
frequencies. By assuming Vo, = 10> Hz and o' = 10 A, the
values of N(EF) are calculated at different frequencies (at tem-
perature 7' = 303 K) and the results are listed in the following
Table 1.

Table 1. AC conductivity parameters of PtOEP films at various frequen-
cies (T =303 K).

flkHz  Ry/A  Ryn/A WaleV  N(Ep)/10%2 eV-cm™3
10 3.07 1.60 421 1.282
1000 2.43 1.601 3.01 1.526
2000 2.39 1.602 2.82 1.645
5000 2.33 1.603 2.59 2.235

It can be observed that the values of N(EF) increase with
the increase of frequency and G,.(®). The increasing of the
applied frequency of the electric field supports the electronic

[2021,34] thus leading to the in-

hops between localized states,
crease of the density of localized states N(Er) at Fermi level.
In this case charges can hop easily at the nearest neighbor sites,
so that Ry, and Wy, decrease as frequency increases!*! (see Ta-

ble 1).

3.1.2. Temperature-dependent conductivity

Temperature dependences of ¢,. of PtOEP thin films are
shown in Fig. 5 at different frequencies. The activation ener-
gies of the AC conduction are calculated from the slopes of the
lines. The In o, increases linearly with temperature increas-
ing. This suggests that 0, is a thermally activated process for

each of the different localized states in the gap. 4]

The frequency dependence of AE,. is shown in Fig. 6.
It is clear that the value of AFE,. decreases with the in-
crease of applied frequency, such a behavior was observed
in other organic thin films>'**>46l and is attributed to the
contribution of the frequency to the conduction mechanism,
which confirms the domination of the hopping conduction

mechanism. [20,21,34,45,46]

—6

8|

« 50Hz « 1MHz
1kHz ~ 2MHz
—920 } * 10kHz * 3MHz
* 200kHz 4 MHz

5MHz

—9292 1 1 L 1 1 1
2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4

(1000/T')/K

Fig. 5. (color online) The temperature dependence of G, (®) for PtOEP film
as a function of frequency.

0.21 |
0.19
>
O
™
m:}
4 oar
0.15
1 1 1 1 1
0 1 2 3 4 5
w/10% Hz,

Fig. 6. The frequency dependence of AE,.(®) for PtOEP film.

3.2. Dielectric properties

Dielectric studies are an essential source of valuable in-
formation about conduction processes since they can be used
to recognize the origin of the dielectric losses, the electrical
and dipolar relaxation time and its activation energy.[*’431 Di-
electric analysis measures the electrical properties of material
as a function of temperature and frequency. Two fundamental
electrical characteristics of materials are defined by the dielec-
tric analysis, i.e., (i) the capacitive insulating nature, which
represents its ability to store electrical charge, and (ii) the con-
ductive nature, which represents its ability to transfer electric
charge. [4950]

Dielectric properties of PtOEP film including dielectric

constant € and dielectric loss & are studied in a frequency
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range of 50 Hz-5 MHz and temperature range of 303 K-
473 K. g is related to the capacitive nature of the material
and is a measure of the reversible energy stored in the material
by polarization, while & is a measure of the energy required
for molecular motion. 31?1

36
T=K @)
32T o —=—303 —< 418
T, —e 313 433
28 | . 323 —e— 453
| . —v— 363 —— 473
o < . 393
W I
20 |
16
12
sk

80

T=K

—=—303 —«— 418
+— 313 433
4323 —e— 453
—v—363 —*— 473

€,(w)

Inw

Fig. 7. (color online) The frequency dependence of & for PtOEP film as a
function of temperatures.

The frequency dependences of € and &, at different tem-
peratures are illustrated in Figs. 7(a) and 7(b), respectively.
Both £ and & decrease with the increase of frequency. This
can be explained by means of dielectric polarization.>3->]
The € and &, decreasing with the increasing of frequency can
be explained as follows: at low frequencies the contribution
of multi-components of polarizability, deformational polariza-
tion (electronic and ionic), and relaxation polarization (orien-
tational and interfacial) occur and this contribution leads to
increases of € and & at low frequencies. Also, the dipoles
align themselves along the field direction and fully contribute
to the total polarization.

As the frequency increases, dipoles no longer rotate suf-
ficiently rapidly. So, their oscillations begin to lag behind the
field. As the frequency further increases, the dipole will be
unable to follow the field and the orientation stops, so the con-
tribution of the polarization becomes less. Therefore £ and
& decrease at a higher frequency approaching constant values
due to the interfacial polarization. >8]

The temperature dependences of both € and &, at differ-

ent frequencies of PtOEP films are shown in Figs. 8(a) and

8(b). Both g and & increase as the temperature increases
over the applied frequencies, which can be attributed to the
fact that dipoles in polar materials cannot orient themselves
at low temperatures while at high temperatures, the orienta-
tion polarization increases causing the dielectric constant to

increase. [20,21,34,45,46]

35

Y —=— 50 Hz 1 MHz

FAN e 1kHz —< 2MHz

) RN 4~ 10kHz 3 MHz

30 1\\ —v—200kHz — 4 MHz
RN —+—5 MHz

25

20

15 F

10 L L L L L L
2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4

(1000/T)/K

35
—a— 50 Hz

r —»— 1kHz <« 2MHz

10 kHz 3 MHz
—v— 200kHz —+—4MHz
30 | —+— 5 MHz

1 MHz

20

15

20 22 24 26 28 30 32 34
(1000/T)/K

Fig. 8. (color online) The frequency dependence of & for PtOEP film as a
function of temperatures.

3.3. Complex dielectric modulus

The variations of M’ with frequency at different tempera-

tures are shown in Fig. 9.

0.16

0.12

0.08

0.04

1
8 10 12 14 16

Inw
Fig. 9. (color online) The frequency dependence of M’ for PtOEP film as a
function of temperature.
At the low frequency region, M’ values tend to zero,

which confirms the negligible or absent electrode polarization
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[38.60.611 A" continuous increase of the M’ dis-

phenomenon.
persion with increasing frequency shows a tendency to con-
stant values at high frequencies for all the temperatures. This
behavior may be due to the short-range mobility of charge
carriers.[0) M" represents the energy loss under an electric

field.[6!]

0.09
T=K
| —=—303 —< 418
[ ——313 433
0.07 - 323 —e— 453
b —v—363 ——473
L 393
L L
= 0.05
0.03
0.01 |
4 6 8 10 12 14 16
Inw

Fig. 10. (color online) The frequency dependence of M” for PtOEP film as
a function of temperature.

Figure 10 shows the plots of M” values versus the
logrithm of frequency (In(®)) at different temperatures. The
variation of M" with frequency shows that the relaxation peaks
are moving towards higher frequencies by increasing temper-
ature. This behavior indicates that the dielectric relaxation
is thermally activated in which the hopping process of the
charge carrier dominates intrinsically.38:0-63 The asymmet-
ric broadening of the M” peak shows the spread of relax-
ation with time constant so, relaxation of our sample follows
the non-Debye type. %3] The frequency region below the peak
maximum is an indication of the transition from long-range to
short-range mobility with the increase of frequency.!!*%3]

The most suitable way to measure relaxation time is to
choose the inverse of frequency of the maximum position

(Tm = a)rgl) as shown in Fig. 11.

15

14

max

13

Inw

12

11 r

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
(1000/T) /K

Fig. 11. The variation of In @max versus 1000/T for PtOEP film.

4. Conclusions

AC conductivities and dielectric properties of nano-
structured PtOEP films are studied in a temperature range of
303 K—473 K and frequency range from 50 Hz to 5 MHz. The
obtained results of AC conductivity are reasonably explained
in terms of the correlated barrier hopping (CBH) model. Di-
electric constant €; and dielectric loss & are found to decrease
with frequency increasing and increase with temperature in-
creasing in the investigated range. The real part of the mod-
ulus M’ in the low frequency region tends to zero; this ap-
proves the elimination of the electrode effect in the material.
The imaginary part of dielectric modulus, M” peak shifts to-
ward the higher frequency region with increasing temperature,
specifying that the presence of dielectric relaxation is due to
the thermal activiation. The dielectric relaxation time obtained
from M” shows an Arrhenius behavior with AE, = 0.21 eV.
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