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The electrical properties of pure Nickel Phthalocyanine (Ni Pc) thin films and iodine doped Ni Pc
thin films with Gold and Aluminium electrode sandwiched devices have been investigated. The
electrical properties and the various electrical parameters of the pure and iodine-doped films
have been estimated and compared from the analysis of the current density characteristics.
From our study we find that the iodine doping enhanced the electrical conductivity compared
to pure Nickel Phthalocyanine and the conduction mechanism is much improved with the
iodine doping. Interestingly these films after iodine doping showed remarkably increased
electrical conductivity nearly ten times that of pure Phthalocyanine. This may be accounted for
by the decrease in the metal-metal bond distance. At low voltages the film shows an ohmic
conduction whereas at higher voltage levels the conduction is dominated by space charged
limited conduction. Further the reverse conduction mechanisms have also been investigated for
this sandwiched device. From the current limitations in the reverse condition a strong rectifying
behaviour is evident. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Phthalocyanines are a class of stable organic semicon-
ductors, which have attracted considerable interest during
the past few years because of its low cost, high thermal
and chemical stability. In the last two decades there has
been considerable interest in the study of the electrical and
optical properties of Phthalocyanines [1—4]. Phthalocya-
nine are widely used as gas sensors [5—8], liquid crystal
colour display systems and photovoltaic devices [9-12].
The light absorbing properties of the Phthalocyanine in
the visible and in the infrared regions have attracted con-
siderable attention in recent years because of the present
interest in the conversion of solar to electrical energy
[13]. The electrical, optical and structural properties of
many of these thin films depend on several factors such
as the substrate temperature, nature of substrate, evapora-
tion rate, annealing, and film thickness and prepared from
different techniques have already been reported [14—-16].
Further the conduction mechanism in organic semi con-
ducting thin films also depends on the metallic contact to
the semiconductor, which may behave either as an ohmic
or blocking electrode. Gold and Silver electrodes have
proved to be an effective ohmic contact to this type of ma-
terials whereas Aluminium and Lead were found to form
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blocking electrodes to many Phthalocyanines [17, 18].
The order of applied voltages across the film, doping and
its concentrations [19-21] also influence the conduction
process in the organic thin films. Many of the impurities
diffuse into the films acting as acceptor impurities and
considerably change the conduction mechanisms. In the
present work the electrical properties of sandwiched de-
vice of Nickel Phthalocyanine with gold and aluminium
electrodes doped with iodine vapour have been investi-
gated. From the analysis of the current—voltage character-
istics the various electrical parameters of the device has
been discussed in detail. An evaluation and a comparison
were made for different electrical parameters of the pure
and iodine doped films of almost same dimensions.

2. Experimental details

Nickel Phthalocyanine powder from Sigma—Aldrich Co
Ltd is the base material for the present study. Nickel Ph-
thalocyanine is thermally evaporated from a tantalum boat
at a pressure of about 10~ torr using a high precision thin
film-coating unit. Thin films of Ni Pc are deposited onto a
pre cleaned glass substrate, which is previously deposited
with a Gold film of about 50 nm thickness as one electrode.
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During the evaporation process of Ni Pc the pressure is
kept steady by a diffusion pump backed by oil sealed ro-
tary pump. The evaporation rate and the evaporation time
are well monitored to get the different sample films with
almost uniform thickness. Iodine is doped in to the or-
ganic layer by releasing iodine vapour from another boat
containing pure iodine crystal. A separate power supply is
used for this purpose. The device fabrication is completed
with an aluminium top contact layer that is also deposited
from a tungsten coil. The thickness of this aluminium elec-
trode is later measured as approximately 60 nm. The active
area of the organic layer is found to be 1.5 x 10~* m? and
a thickness of approximately 600 nm. Electrical conduc-
tivity measurements have been performed by a stabilized
power supply and a Kethley programmable electrometer
in a subsidiary vacuum system at a pressure of approxi-
mately 103 Torr. Keeping the gold electrode as positive
for the forward bias condition, current is measured for the
different values of applied voltage ranging from O to 10 V.
Dependence of current in the forward bias and reverse
bias for different applied voltage at room temperature has
been measured. The forward current at a constant voltage
of 0.3, 3.0 and 6.0 V have also been measured in the
300-350 K temperature range. Temperature is measured
by means of chromel/alumel thermocouple. Using the
same technique samples of pure Ni Pc thin films are also
prepared and the different electrical parameters are esti-
mated from the current-voltage characteristics. In order to
find the permittivity of the organic layer the capacitance
of the device for different film thickness are also measured
using an LCZ meter.

3. Results and discussion

The absolute permittivity of the Ni Pc film is a factor,
which is necessary for the calculation of the various the
electrical conductivity parameters. To find the permittivity
of the organic film the capacitance of a sandwich layer of
the Ni Pc films of different thickness are measured. The
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effective value of the capacitance C of the device is given
by
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d

where g is the permittivity of free space and ¢, is the
permittivity of organic layer C}, is a constant capacitance
due to the instrument or the edge effects. The graph of ca-
pacitance C against (1/d) yield a linear plot and the slope
of the curve is equal to g &; A. Fig. 1 shows the variation
of capacitance of the films with the inverse of thickness
at a constant frequency of 1 kHz. From the slope of the
curve the absolute permittivity of Ni Pc is calculated as
1.2 x 107" F/m. This value is slightly lower but com-
parable with the values reported earlier by Saleh [22].
The lower value of the permittivity may be due to the
lack of non-uniformity and low packing density of films.
There are various conduction methods and hence their
corresponding theories depend upon the different mate-
rials used as the electrical contacts to the organic layer.
Fig. 2 is the current density (J)-voltage (V) characteristics
of the sandwiched device of pure and iodine doped Gold-
Ni Pc-Aluminium sample measured in the voltage range
of 0.1 to 10 V. Slope of the graph implies that the con-
duction mechanisms are different in the different voltage
levels. From the order of the slopes it is concluded that
there are two distinct conduction processes involved. In
the low voltage range nearly up to 1 V the slope of the J-V
characteristics is in the order of unity and hence can be
considered as an ohmic conduction between the organic
layer and the electrodes. The current density J within the
ohmic region is described by

C = +Cp )]

1%
J = Poeﬂg 2)

where e the electronic charge, u the hole mobility, V the
applied voltage, d the thickness of the organic film and P
is the concentration of thermally generated holes in the
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Figure I Varation of capacitance with inverse thickness.
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Figure 2 J-V characteristic pure and I, doped Ni Pc F-Forward R-Reverse.
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Figure 3 Variation of log J with 1000/T in the ohmic region for pure and I doped Ni Pc.

valance band which given by

Py=N Er 3)
=Nyexp|——
0 v €Xp kT
where Ey is the position of the Fermi level above the
valance band edge and the N, the density of states in the
valance band. Substituting for Py in Equation 2

J = Noen = )
= Nyeu—exp| ——
Ha P\ 7kt

The value of N, is taken as 10?” m~3 for Ni Pc [23, 24]
which corresponds to approximately one electronic state
per molecule. Fig. 3 is the plot of Log J against 1000/T
for the pure and iodine doped Ni Pc films for the ohmic

region in the 300-350 K-temperature range at 0.3 V. The
slope of the graph (Fig. 3) yields the value of Ef, and the
intercept will provide the value of 1 the mobility of holes.
These values are calculated and listed in Table I.

Fig. 4 is the J-V forward characteristics of the pure
and doped samples in the ohmic region that are re plotted.
From the slope this graph (Fig. 4) and using Equation 2 the
value P for the pure and iodine doped Ni Pc are calculated

TABLE I Electrical parameters of pure and I, doped Ni Pc in the ohmic
region.

Parameters Pure Au/Ni Pc/Al Au/I, doped Ni Pc/Al
E; eV 0.52 0.41

uw m2vlgl 121 x 10713 9.16 x 10714

Py m™? 2.61 x 108 2.01 x 1018

3523



= 1Pure Ni Pc
* 2l doped Ni Pc 2

current density J (Amp/m?)
3
.‘”

10 T T
0.0 0.5

Figure 4 J-V characteristic pure and I doped Ni Pc in the ohmic region.

and are tabulated in Table I. These parameters in the ohmic
region fall within the range of previously reported values
phthalocyanines thin films by Gould [25].

At higher voltages the slope of the J-V characteristics
in Fig. 2 for the segment (I) and segment (III) are 2
and more suggesting the conduction mechanism is that
of a space charged limited conduction (SCLC), which is
characterized by power law dependence in the form

JaV®

where ‘n’ is an index which has the values >2. The numer-
ical value of this index was found to be associated with
the nature of traps within the forbidden gap, the sample
temperature and the bias direction. For the segment II in
Fig. 2 the slope is found to be nearly 2 which suggesting
that the conduction is an SCLC charactistized by a single
trap level situated at an energy level E, above the valance
band edge. The current density in this region is described
by

9 V?
J = —-¢eub

Nl ©)

where 6 measure of the ratio of free charges to trapped
charges and

,_ N E, ©
= exX _—
Neg P74

where Ny is the total trap concentration at the energy
level E,.Hence

; 9 N, V? E, o
=|-)eu——mexp| ——
8 ) M Ny @@ P\ T

3524

where ¢ and p are the permittivity and the carrier mo-
bility of the Nickel Phthalocyanines. Fig. 5 is the plot
of Log J with 1000/T at a constant potential differ-
ence of 3.0 V in the first SCLC region, the slope and
the intercept of this graph yield the values of E; and
N (). Using the values of Ny, ¢ and p in Equation 7
the values of E; and Ny, are calculated and listed in the
Table II. For the higher voltage region in segment III of
the Fig. 2 in the SCLC mechanism is governed by the
equation

e ! Vl+1
J =euN, (ePtth) PR ®)

Besides the terms defined earlier P is the trap concen-
tration per unit energy range at the valance band edge,
d the film thickness and the term (/ + 1) represents the
power exponent factor and / = T,/T where T; is the tem-
perature parameter measuring the exponential trap distri-
bution given by 1

—F
P(E) = Piexp (ﬁ) ®

where P(F) is the concentration of traps per unit energy
range and is a function of energy E above the valence

TABLE II  Electrical parameters in the SCLC region of pure and I,
doped Ni Pc.

Parameters Au/NiPc/Al Au/I, doped Ni Pc/Al
E. eV 0.44 0.33

Ny m? 223 x 10% 1.3 x 1022

P Jlm3 5.76 x 10% 1.64 x 10%

Niey m—> 8.06 x 10?3 3 x 10%
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Figure 5 Variation of log J with 1000/T in the SCLC region segment(II) at 3.0 V.
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Figure 6 Plot of log J vs. V!/2 in the reverse bias for the pure and I, doped Ni Pc films.

band edge. The total concentration of traps Ny, has been
given by
Nyey = PkT, (10)

The slope of line segment (III) of the graph in Fig. 2
is found to be 4 and hence the value of / = 3 and the
temperature parameter 7; = 1014 K for T = 300 K. As-
suming the value of the density of states Ny, = 10>’ m~*
permittivity of the Ni Pc ¢ = 1.2 x 10~!' F/m, mobility
w =121 x 107 m~! V~! s7! and using Equations 8
and 10 the values of P; and Ny for the pure and doped
Ni Pc films are calculated and listed in Table II.

From the analysis of the forward current graph an ex-
ponential increase in forward current with applied voltage
in the low voltage range is evident. The exponential de-
pendence of current in the lower voltage range can be
attributed to the formation of a depletion region between

gold electrode and organic layer. It can be also observed
that the Schottky barrier disappears when the applied volt-
age is above 0.6 V and 1.0 V for devices of pure Ni Pc and
the iodine doped devices. But beyond this applied voltage
the current is mainly due to the bulk series resistance of
the organic layer rather than the electrode interface. In the
reverse bias condition the order of current is much lower
than the forward current indicating a current limitation
that can be explained as a Schottky or Poole-Frenkel type
of conduction. The general equations [26] describing the
reverse current density under these circumstances is given

by
where A** = 1.3 x 10° A m?K? is the Richardson Con-
stant and @ is the Schottky barrier height at the injecting

ﬂsvl/Z

_ pAxE2 _ =S Psr
J=A"T exp( Td

o

T a1
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TABLE III Electrical constants of pure and I, doped Ni Pc in the reverse region

Pure Ni Pc Doped Ni Pc
Parameter Low voltage High voltage High voltage Low voltage
Bpr eVm!/2Z V=12 674 x 1073 337 x 1073 1.43 x 1073 3.6 x 1073

electrode interface, Bs is the Schotty field lowering coef-
ficient. For the Schottky effect which is a field lowering
of interfacial barrier at the injecting electrode, the current
voltage relation is defined by

(12)

BerV /2
kTdl/?

J =J06Xp<

where Jo is the low field current density and Spp Poole-
Frenkel field lowering coefficient The two coefficients Bg
and Bpp are related by the equation

3\ 1/2
2Bs = Brr = (e—)

e

substituting the values of the permittivity & =
1.12 x 107" F/m, the theoretical values of the
field lowering coefficients are calculated as Bpr =
6.75 x 107 eV m!'? V=2 and B, = 3.375 x
1079 eVm!/2 V=172,

In order to find the experimental values of these coef-
ficients a graph of log J against V!/? is plotted in Fig. 6.
This plot is having two linear portions and correspond-
ingly there are two slopes. Hence there are two values of
these coefficients such as Spp in the lower voltage range
and Bpr in the higher voltage region. The values of Spg
in the two voltage regions are listed in Table III. In the
low voltage region the current conduction is originated
from the contact interface rather than from the bulk ma-
terial. The experimental values of Bpr n the high voltage
region is in reasonable agreement with the theoretically
calculated values Bpg. The variation of Spg in the low volt-
age region may be due the non uniformity of the doping
process.

4. Conclusion

From the investigations of the current density characteris-
tics of the doped Ni Pc films we find that at low voltage the
current conduction is ohmic where as at higher voltage the
conduction mechanism is a space charge limited conduc-
tion. For the doped films there is a considerable shift in the
Fermi level. This may be accounted for by the decrease in
the metal-metal bond distance. The low value of Ef sug-
gests that I; doped Ni Pc is more efficient in conduction
because of the increased electrical conductivity compared
with the pure Ni Pc. The reverse current is found to be
much lower from the forward current indicating a semi
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conducting behaviour of gold-I, doped Ni Pc -aluminium
device.
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