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Current density-voltage characteristics have been obtained from thin
frlms  of lead phthalocyanine particles dispersed in a polymer binder when
sandwiched between ohmic gold and blocking aluminium electrodes. At low
voltages, the current in the forward direction shows Schottky diode be-
haviour. The diode parameters are evaluated using the model of Cheung
and Cheung. Barrier heights and widths are determined as a function of
applied voltage. A number of parameters is evaluated on the basis of the
theory of space-charge-limited conduction, and the following values are ob-
tained: p 0 = 8.5 x 10 18 m-3, concentration of the traps per unit energy
range at the valence band Ρ0 	2.5 x 1044 J -1 m-3 , temperature parame-
ter of trapping distribution Τc 	500 K and totał trapping concentration,
Νt 1.7 x 10 24 m -3 .

PACS numbers: 72.20.—i

1. Introduction

Most investigations [1-3] of the electrical conduction properties of phthalo
cyanines have been carried out on thin evaporated films which are microcrystalline
in nature. Other workers [4-6] have also found that a dispersion of phthalocya-
nine particles in appropriate selection of polymer binder could improve the cell
performance. The nature of the electronic process in phthalocyanine is generally
influenced by the presence of traps [7]. The phthalocyanines that have attracted
most interest to date are metal free phthalocyanine and its metal derivative cop-
per phthalocyanine (CuPc). Lead phthalocyanine (PbPc) has received considerable
less attention. PbPc is a p-type semiconductor and a metal such as gold is required
to provide ohmic contact [1]. Other electrodes such as Al and In are found to form
blocking contacts [8]. Additionally, it is believed that sandwiching an organic semi-
conductor between an ohmic and a blocking contact should lead to the Schottky
diode behaviour and that the rectification behaviour is increased considerably by
the presence of oxygen [9] which increases the acceptor concentration.
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The object of this paper is to study the curremt density voltage characteristics
for thin fulms of PbPc particles dispersed in a polymer binder, polyvinylacetate
(PVA), using ohmic gold and blocking aluminium electrodes.

2. Εxρerimental details

The organic semiconductor used in the present study is the β-form of lead
phthalocyanine (PbPc). Films of PbPc-PVA prepared by solvent coating, a dis-
persion of PbPc particles in polyvinylacetate (PVA), a polymer obtained from
Aldrich Chemical Company Inc. The fabrication of the cells, Al-PbPc—Au was
similar to that reported previously [6J. All cells contained approximately 60% of
PbPc dispersed in the polymer binder PVA, and their thickness ranged from 2
to 4 μm. Sample currents were measured using a stabilized power supply and a
Keithley 610 C electrometer. Forward bias is defined with the gold electrode bi-
ased positively. The temperature of the sample was measured directly by means
of Ni-Cr/Ni—Al thermocouple connected to a Keithley 871 digital thermometer.

3. Results and discussion

The forward and reverse current density-voltage (J-V) characteristics at
room temperature, for the cell Al/PbPc—PVA/Au are shown in Fig. 1. It is clear
that the current density and the shape of the J-V curve are dependent on the
bias direction.

The forward bias characteristic exhibits three different regions. Atlow volt-
ages the current density varies exponentially with voltage as shown in Fig. 2. This
behaviour accorded with the thermoionic emission function
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where e is the electronic charge, Va is the applied voltage across the diode, k is the
Boltzmann constant, Τ is the absolute temperature and Js is the reverse saturation
current density represented by

where t** is the effective Richardson constant and φb is the Schottky barrier height
of the diode. The value of the barrier height can be evaluated by making the In J
versus V plot. For voltages larger than a few kT/e, this plot will be a straight line
whose extrapolated intercept with the vertical axis gives Js from which φb can
be calculated. However, departure from the ideal thermoionic emission theory has
been reported for practical Schottky barrier, that is, the forward J-V characteristic
is expressed as [10]

where n is called the ideality factor.
If the diode has a series resistance R, the straight line part of the plot will

then be confined to the voltage interval kT/e « V < departure point from the
straight line due to the voltage drop across the resistance R. For large values of
R, this interval will be too small to get a reliable value of φb. Norde [11] has
developed a method capable of determining φb and R for ideal Schottky diodes
(i.e. n = 1). Sato and Yasumura [12] modified Norde's approach to evaluate φb,
n and R from the forward J-V data at two different temperatures. Cheung and
Cheung [13] developed another method to evaluate the values of diode parameters
ΦΡb, n and R from a single forward J-V data. The voltage Va across the diode
can be expressed in terms of the voltage drop across the series combination of the
diode and the resistor R, thus Va = V - JAe R, where Ae is the effective area of
the device, and for Va » kT/e, Eq. (3) becomes

Figure 2a shows a semi-logarithmic plot of the forward biased J-V charac-
teristic below 800 mV. It can be Seen from the figure that only a few points in
the low voltage region are in good agreement with the theory predicted by Eq. (3)
and yield n = 1.4 and φb = 1.18 eV. The precise diode parameters n, φb and
R were evaluated using Cheung and Cheung model [13]. Figure 2b shows a good
agreement between the experimental values and those derived using the Cheung
and Cheung model. The parameters used for the curve fitting were determined as
described below. Equation (4) can be rewritten in terms of J as

Differentiating with respect to J and rearranging terms gives
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It is evident from the above equation that if one plots dV/d In J versus J,
the slope of the line thus obtained equals RAe , while its intersection with the
ordinate axis nkT/e. This is shown in Fig. 3, and clearly yields linear behaviour.
The derived values of the parameters are n = 1.3 and R = 12.2 ΜΩ.

To evaluate the barrier height ΦΡb, Cheung and Cheung proposed the following
function:

Comparison of (7) and (5) gives Cheung and Cheung equation

Α plot of Η(J) versus J gives a straight line with a slope RA e , and intercept
on the y axis equals to nφb; Fig. 4 shows H(J) versus J. The derived Values of the
parameters are R = 12.3 MΩ and φb = 1.12 eV. The derived values of n = 1.3 and
φb = 1.12 are in good agreement with the values deduced from the linear region
of In J versus V plot. The value of φ b is consistent with that for Au/PbPc/Al [1].
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At higher voltages, above 800 mV, there are two distinct regions. The first
region has a characteristic slope ≈ 1, this region is ohmic and it is attributed to
thermally generated carriers + electrons. Τhe second region has a power-law in
the form J ~ ν2.7 , indicates a space charge limited conduction. Τhe first region
adheres to the relation

where p 0 and n0 are respectively the concentration of thermally gemerated holes
and electrons, μp and μe are the hole and electron mobilities respectively.

The space-charge limited conduction (SCLC) occurring in the second region
may be interpreted in terms of the presence of traps, distributed exponentially



where P(E) is the trap concentration per unit energy at an energy Ε above the
valence band edge, Ρ0 is the value of P(E) at the valence band and Τ  is the
characteristic temperature which describes the exponential distribution of traps.
The total density of traps Nt comprising the distribution is given by evaluating
f  P(E)dE from the valence band edge to infinity and yields the result as given
by [141

The transition or cross-over voltage V4 between ohmic and SCLC is given by [151
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with energy in tle band gap of PbPc. Tle distribution is given by

where 1 is tle ratio Tc /T.
According to Lampert [16], the SCLC region with exponential distribution

of traps adheres to

--
where ε is the permittivity of PbPc, Nv is the effective density of states in the
valence band and d is the film thickness.

In order to estimate values for the hole trap parameters, it is necessary to
assume plausible values for μp , Nv and ε. These values were taken to be simi-
lar to those for thin films of Au-PbPc-Au samples [1], and thus μ p = 6.05 x
10 -1 0 1m2 V - 1s- 1, Nν = 1027 m-3 and ε = 3.16x 10 -11 F m-1 were used. An
analysis of the temperature dependence of the J-V curves, Fig. 1 yields a value of
thermally generated hole concentration p0 = 8.5 x 10 18 m-3 , which is close in mag-
nitude to that reported in literature, e.g. 5.62 x 10 17 m-3 (Al/PbPc/Au) [1] and
9.1 x 10 17 m-3 (Au/CuPc/Au) [15]. Equations (5), (6) and (7) yield the following
values of trap parameters: l 1.7, Τ  500 K, Τ = 293 K, P0 2.5x 1044 J -1 m-3
and N 1.7x10 24 m-3 .

The trap concentration is a factor somewhat higher than for the value ob-
tained for Au/CuPc/Au [15] and taking into account the difference in material
and preparation conditions, are clearly comparable.

The reverse bias J-Vr characteristics below region HI are shown, in the form
of ln J versus 141 / 2 , in Fig. 5. The linear portions of the curve may be interpreted
in terms of either the Poole-Frenkel effect (field-assisted thermal detrapping of
carriers) or the Schottky effect (field-lowering of the interfacial barrier at the in-
jected electrode interface). The J-V expressions for these processes are given [17]
by

for the Poole-Frenkel effect, and by
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for the Schottky effect, where φS is the Schottky barrier height at the injected
electrode interface, w is the width of the Schottky barrier at the injected elec-
trode interface, J0 = σ0(V ,./w) is the low-field current density, βPF and βS are
respectively the Poole-Frenkel lowering and Schottky coefficients. Theoretical val-
ues of these coefficients are given by βPF = 2βS = (e3 /πε) 1 / 2 and are thus

βPF =4.02 x 10-5eVm1/2 V-1/2 and βS = 2.01 x 10-5eV m1/2 V-1/2,
The values of the Schottky barrierwidths and barrier heights were calculated

from the slops and intercepts of Fig. 5. The values of derived parameters were found
to be w = 20 nm and φS = 1.17 eV for the low voltage region, w = 320 nm and
φS = 1.00 eV for the high voltage region. The values are close to those reported
previously [1, 3]. The barrier height 1.17 eV agrees well with that determined from
thermoionic emission Eqs. (2) and (3).
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