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Mechanism of charge generation and photovoltaic effects
in lead phthalocyanine based Schottky barrier
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Photovoltaic properties of lead phtalocyanine (PbPc) thin films sandwiched between indium tin ox-
ide (ITO) and aluminum electrodes (ITO/PbPc/Al) have been investigated. The J—F characteristics of the
device reveals that current flow across the device is limited by hole injection at Al/PbPc below 300 K,
wherein Al is kept at higher bias. Junction parameters such as built-in potential (V;), carrier concentration
(N,), the width of depletion layer (W) were evaluated from the C—J measurements. The mechanism of
transport of carriers in Al/PbPc/ITO has been investigated based on the detailed analysis of current—
voltage characteristics at various temperatures in the dark. The PbPc form hole injection barriers with
both Al and ITO electrodes which are 0.88 eV and 0.11 eV, respectively, indicating the formation of
nearly Ohmic contact with ITO and the Schottky barrier with Al. The photovoltaic parameters of the
device have been estimated from the analysis of the current—voltage characteristics under illumination and
discussed in detail. Electrically active defects were investigated by the space charge capacitance spectros-
copy methods at various temperatures (from 250 K to 350 K) and frequencies (from 5 Hz to 1 MHz),
respectively. The activation energy calculated from the capacitance spectroscopy at various temperatures
is about 0.32 eV suggesting that the defects originate from the trapping centres at Al/PbPc interface.
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1. Introduction

During the last couple of decades, much effort has been put into the development
of solar cells based on organic electronic materials because of their low cost and easy
fabrication [1-8]. In molecular materials, the relevant molecules can be easily pre-
pared and their properties modified to meet the optical and electronics requirements.
Among a variety of molecular materials, phthalocyanines (Pcs) are well known stable
materials with versatile functions [9—11]. Phthalocyanine molecule contains four iso-
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indole units (pyrrole ring conjugated with benzene ring). A large family of Pcs can be
chemically modified by attaching various peripheral groups to outer ring of isoindoles.
The difference in the molecular structure leads to the difference in their photophysical
properties. Pcs absorb light in various spectral regions between 500 nm and 720 nm.
Photovoltaic devices made from organic pigments reach power conversion efficiency
of a few percent [10, 11] that is much lower than those of their inorganic counterparts,
demanding further research for more efficient organic materials and their combina-
tions. One of possible improvements for this type of photovoltaic devices is imple-
mentation of new materials, absorbing red or near infrared part of the solar spectrum,
where maximum photon flux of the Sun light is located. Up till now CuPcs are among
the promising donor materials for organic solar cells [12]. Lead phthalocyanine (PbPc)
can also be used as a donor absorbing light in the range of 550-700 nm with absorp-
tion maximum about 680 nm and absorption edge around 740 nm. PbPc has received
much attention as a promising material for gas sensor but it has not been explored in
photovoltaic devices.

In the present work, we have characterized lead phthalocyanine (PbPc) in the form
of a Schottky barrier device and investigated the mechanism of charge generation and
photovoltaic response. PbPc is a p type organic semiconductor possessing high ther-
mal stability and narrow optical band gap. We have studied the temperature depend-
ence of current—voltage (J—V) characteristics of PbPc thin films sandwiched between
indium tin oxide (ITO) and Al electrodes (Al/PbPc/ITO), with the aim to understand
the charge generation mechanism and photovoltaic response in this device. The varia-
tion of concentration of injected charge carriers and their mobility with temperature,
bias voltage carrier trap density arising due to the defects and impurities are very im-
portant information required for improving the device performance. The measure-
ments of J-V characteristics at various temperatures and electric fields have been used
as powerful tools for the above mentioned studies. We have shown that the measured
current in ITO/PbPc/Al device is limited by hole injection at AI-PbPc contact when
the device is reverse biased. The current becomes space charge limited at high volt-
ages when tunnelling contributes significantly to charge injection.

2. Experimental

Thin films of PbPc were deposited on cleaned ITO coated glass substrates by spin
coating technique employing ethanol containing DMSO as a solvent for PbPc. The
thickness of the PbPc layer was controlled by the concentration of PbPc in solvent and
rotation speed (about 2500 r.p.m.). The top electrode contact was made by evaporation
of aluminum through an appropriate mask at a vacuum of 10~ Torr. The resulting area
of the device was about 1 cm’. The optical absorption spectrum was recorded on
100 nm thin film of PbPc layer on a glass slide employing a Perkin Elmer double
beam spectrophotometer. The cyclic voltammetry experiment was performed with
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AutoLab potentiostat at room temperature in a conventional three electrode cell with
ITO as the working electrode. For the current—voltage measurements, a Keithley elec-
trometer with built in power supply was used. The capacitance spectroscopy and ca-
pacitance—voltage (C—}) measurements were recorded using an HP 4294 A impedance
analyzer in parallel RC equivalent circuit mode, in the frequency range between 5 Hz
and 10 MHz. The temperature of device was measured with a digital temperature con-
troller and monitored by an indicator. The incident light was provided with a 100 W halo-
gen lamp and the intensity of the light was measured by a lux meter. The photoaction
spectra of the device were measured employing a monochromator with a halogen lamp
as a source. The electrodes were illuminated through both sides of the electrodes and
the resulting photocurrent was monitored with a Keithley electrometer.

3. Results and discussion

3.1. Current—voltage characteristics in dark

Current—voltage characteristics of the ITO/PbPc/Al device recorded at various
temperatures ranging from 250 K to 350 K is shown in Fig. 1 in semi-log scale. The
forward bias was obtained with positive and negative bias to ITO and Al electrodes,
respectively. The asymmetrical nature of curves is attributed to the difference in work
function of the electrodes, implying different barriers at each electrode/PbPc interface.
As PbPc is a p type organic semiconductor, we assume that Al and ITO form Schottky
barrier and nearly ohmic contact with PbPc, respectively, giving rise to asymmetrical
nature of J—V characteristics, i.e. to the rectification effect.
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Fig. 1. Current—voltage characteristics of Al/PbPc/ITO device
in dark at various temperatures when positive bias is applied to ITO
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Figure 2a shows typical J—J characteristics of an ITO/PbPc/Al device in log—log
scale at various temperatures when Al is negatively biased with respect to ITO. This
situation corresponds to hole injection in the HOMO of PbPc through ITO and elec-
tron injection through Al into LUMO of PbPc. In each case, two distinct regions were
observed in J-J characteristics of the device at temperatures below 300 K. At low
voltages, the slopes of logJ vs. log) plots are approximately equal to unity, while at
higher voltages above a well defined transit voltage, the slopes are approximately be-
tween 2.0 and 2.5. These plots are typical of ohmic conduction at low voltages. It is
well known that metal phthalocyanines (MPcs) are p type organic semiconductors, the
conduction is via holes only, and the current may be simply expressed in the form [13]

V
J po‘]/‘( dj
where py is the concentration of thermally generated holes, g is the electronic charge,
M 1s the hole mobility, V is the applied voltage and d is the thickness of the PbPc layer.
At high voltage range, the power law dependence of J(V) is indicative of space charge
limited conductivity (SCLC) controlled by single dominant trapping.

The J-V characteristics of metal-organic semiconductor devices are controlled by
two basic processes: injection of the charge carriers from electrodes into organic semi-
conductor and vice versa and transport of the charge carriers in the bulk of film.
Steady state current is determined by the applied electric field, height of the injection
barrier, i.e. difference between electrode work function and corresponding transport
levels of the organic semiconductor and temperature. The current is either injection
limited or bulk transport limited. For the injection of charge carriers into the organic
semiconductor, the charge carriers must overcome a potential barrier at the electrode
—organic semiconductor interface. In the case of small barrier or at high temperatures,
a large number of charge carriers will have energies large enough to cross the interface
barrier, hence thermionic emission takes place. But when temperature decreases or
when the barrier height is large, a reduced number of charge carriers have energies
larger than the potential barrier and therefore thermionic emission becomes insignifi-
cant. In this case injection occurs via quantum mechanical tunneling through the po-
tential barrier.

The Al contact with organic semiconductor form a relatively high barrier at low
temperatures and therefore thermally generated carriers are few and the injected
charge density is small so that the overall behaviour becomes ohmic. As the voltage is
increased, the number of injected carriers increases so that space charge accumulates
limiting the current. The number of thermally generated carriers increases with tem-
perature, therefore the current increases with temperature. The superlinear behaviour
seen in the Fig. 2 suggests that the injected charge carrier overcomes the transport
capabilities of PbPc, hence giving rise to the accumulation of positive charge near the
Al hole injecting electrode and the bulk properties of the organic layer control the J-V
characteristics.
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Fig. 2. Current—voltage characteristics in log—log scale for
Al/PbPc/ITO device when Al (a) or ITO (b) are positively biased

The current—voltage characteristics shown in Fig. 2b have been measured with
ITO as positively biased with respect to Al. This corresponds to the electron injection
into the LUMO and hole injection into the HOMO of PbPc through Al and ITO, re-
spectively. In this case the slope of J—F characteristics below 1.5 V is approximately
two, which is an indication of SCLC behaviour. The injection of holes from ITO into
HOMO of PbPc is more due to the low barrier for holes (as the ITO form nearly oh-
mic contact with PbPc) and injected carrier density becomes so large that the field due
to the carriers themselves dominates over the applied field and becomes space charge
limited. SCLC occurs when the transit time of any excess injected carrier is shorter
than the bulk relaxation time. Under these conditions, the space charge limited current
(TFSCLC) flows, as described by [14]:
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where u is the effective mobility of charge carrier, & — electric permittivity of PbPc, V'
is applied voltage and d is the thickness of the PbPc layer. This behaviour is character-
ized by a quadratic dependence of the current on voltage, i.e. the slope of J-V curve in
the log—log scale is two. At higher temperatures, the slope of J—V curves is between 1
and 2. This indicates that the thermally generated carrier density exceeds that of the
injected charges. The change in slope with applied voltages as seen in Fig. 2a, b are
different due to the different hole injection barriers.

In the case when Al is positively biased, the slope of log.J vs. logl curve is about
unity, the region is considered as ohmic. Above the ohmic region, the J-V characteris-
tics may be fitted to the Richardson—Schottky (RS) emission model. At higher fields,
the metal work function for thermionic emission is reduced, thus lowering the Schot-
tky barrier (image force lowering). The Schottky equation, taking into account image
force lowering may be written as [15,16]

3 1/2
( - j
. 4ned
J=AT? exp(—f—;jexp \Aned) (3)

kT

where V' is applied voltage, positive for forward bias and negative for reverse bias. The

equation can be rewritten as
1/2
g+ 47
" | 4ned

kT

1n%=1nA*+

(4)

According to above equation, the plots of In(J/T%) vs. 1000/T are straight lines at
a given bias voltage V. The effective barrier between the electrode and organic film
may be calculated from the slope of the straight line as

q3V 1/2
=kS + 5
% (4n€dj )

where S is slope of the straight line. As seen from the Fig. 3, the plots of In(J/T?) vs.
1000/T at various voltages tend to be straight lines at higher temperatures. This is par-
ticularly clear in the case when ITO is positively biased, the straight line observed
beyond room temperature (300 K) (Fig. 3a). When Al is positively biased (Fig. 3b),
the linearity occurs at above 320 K. However, the domination of the thermionic emis-
sion observed at higher temperatures indicates that a higher hole injection barrier ex-
ists at Al/PbPc interface, since more thermal energy is required to overcome the poten-
tial barrier. Employing Eq. (5) and straight line fitting in Fig. 3 yield a hole injection
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barrier equal to 0.11 eV and 0.88 eV for ITO/PbPc and Al/PbPc interfaces, respec-
tively.
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Fig. 3. In(J/T 2) vs. 1000/T for Al/PbPc¢/ITO device
when ITO (a) or Al (b) are biased positively

The electric field at which the transition from ohmic to SCLC takes place in-
creases with temperature. In forward bias, the ITO/PbPc interface supplies a high
amount of charges in PbPc bulk and the current is space charge limited in the whole
voltage and temperature range, suggesting the formation of ohmic contact for hole
injection at the ITO/PbPc interface.

The forward current density as a function of applied voltage at various tempera-
tures shows non ideal junction characteristics (Fig. 1) and can be given by
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J = lexp(qV InkT — 11+ J J[exp(qV 12nkT) ~ 1]+ ; JR, ©
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where J; is the reverse saturation current density, ¢ is the electronic charge, V' is the
applied voltage, & is the Boltzmann constant, 7 is the temperature and » is the ideality
factor of the diode. The subscripts 1 and 2 indicate that two possible contributions to
the current could be present.

In a low forward voltage region (0 < V< 0.6 V) (as shown in Fig. 2b), the current
density was suggested to be limited by the thermionic emission of holes from ITO
over the ITO-PbPc barrier. According to the theory of thermionic emission mecha-
nism, the forward bias current can be given by [17, 18]:

J =J [exp(gN/nkT —1] @)
The saturation current density J; is given by
J, = AT? exp(~q@, /kT) (8)

where 4" is the Richardson constant and @, is the barrier height. The values of n and J;
at room temperature were estimated to be 2.6 and 4.5x10™"" A/cm’, respectively. The
barrier height between ITO and PbPc layer being about 0.12 eV has been estimated in
from Eq. (8), using Fig. 2b. This value is in good agreement with the value calculated
from Eq. (5).

On the other hand, the current density as a function of applied voltage in the range
0.6 V< V< 1.6 V, shows a power law dependence of the form J o< V", where m = 2,
indicating that the current density in the PbPc layer is an indication of SCLC. The
current density in this region is given by Eq. (2). Note that the slope equal to two does
not necessarily implies the absence of traps in the materials. Since the mobility of the
charge carrier in organic semiconductor is so low that the extra injected charges can-
not be swept to the collecting electrode at same time at which they are being injected.

As the voltage increases above 1.6 V, the current density in the PbPc layer is a
space charge limited current (SCLC ) dominated by a single trapping level. The cur-
rent density in this region is given by [19, 20]:

s 9eu,0V’

8d’ ©

where ¢ is the permittivity of PbPc, i, is the mobility of a charge carrier taken as
7.8x10* cm?/(V-s) at room temperature (calculated from the analysis of J—V charac-
teristics at various temperatures), d is the thickness of the PbPc layer and @1is the trap-
ping factor given by:

0= %exp(—E, /KT) (10)

t
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where Ny and N, are the effective densities of states in the valence band and total trap
concentration situated at energy level £, above the valence band edge.
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Fig. 4. Dependence of Infon 1/T for Al/PbPc/ITO device

The values of @ corresponding to various temperatures can be estimated from the
intercept of the straight line of logJ vs. logl on current axis in the space charge region
(V> 1.6 V). According to Eq. (10), the plot of In@vs. 1//T is shown in Fig. 4. Assuming
N, =10"" m” [18], the analysis of Fig. 4 yields N, = 1.26x10°' m situated at 0.35 eV
above the valance band edge. Similar values of the total trap concentration and trap
energy levels for different metal phthalocyanines have been reported earlier [18-20].

3.2. Mobility calculations from J-V characteristics

It is observed that the J—V characteristics of the device, when positive voltage is
applied to the ITO electrode, in the voltage range 0.6 V< /' < 1.6 V, the current den-
sity in the entire temperature range varies in accordance with the relation for SCLC for
trap filled organic materials described by Eq. (2). We have fitted our experimental
results taking into account temperatures where J—V curves exhibited slope = 2 to Eq.
(2), considering permittivity £=3.4x10""" F/m and calculated the mobility under space
charge limitation of current.

For low field region, the mobility is calculated at various temperatures using
Eq. (2). The variation of the low field mobility with the temperature is shown in Fig. 5. It
is found that the mobility is thermally activated in accordance with the relation

= pyexp[-V/kT] (11)

where (4 is the pre-exponential factor, V is the thermal activation energy. The values
of V and 4 are found to be 0.31 eV and 5.78x10°* cm®/Vs, respectively. The plot of
logu vs. 1000/T yields a straight line (Fig. 5), which indicates that the PbPc material is
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inhomogeneous, i.e. the ordered regions are separated by amorphous regions. The
activated behaviour of mobility is indication of inhomogeneity of the PbPc layer.
A low value of the mobility activation energy represents the variation in the average
energy of the adjacent hopping sites for polarons [21]. The charge transport occurs by
hopping between adjacent sites through the disordered regions, which creates a poten-
tial barrier for the mobility of the carriers [22]. The mobility is therefore thermally
activated and the value of thermal activation energy in PbPc film is lower than the in
crystalline regions due to small sizes of amorphous regions.
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Fig. 5. Dependence of low field mobility on 1000/7

For bias voltages higher than 1.6 V, the current density does not follow Eq. (2). As
the voltage increases, the barrier for the flow of holes from organic material into Al
decreases and at sufficient high voltages, flat band condition is approached, i.e. the
barrier at Al contact tends to zero. The current is now dominated by bulk of organic
layer. The current in the bulk of the device is determined by the space charge created
by injected carriers. Thus, as the voltage increases, the contact limited mechanism of
current flow changes to the bulk limited mechanism.

At any temperature, the high bias field mobility can be fitted by [23]:

H(E) =y exp(yE ) (12)

where £ is the low field mobility and the coefficient y corresponds to the Poole Fren-
kel effect for disordered materials. This depends on the interaction between the charge
carriers and randomly distributed dipoles in organic semiconductors [24]. The varia-
tion of w(E) with E (logu vs. E'?) at room temperature is shown in Fig. 6. Similar
variation of g(E) is observed for other temperatures. The value of the slope of field
dependence of mobility y calculated from the slope of Fig. 6 is about 3.5x107° cm/V'?
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and is found to decrease with the increase in temperature whereas the zero field mobil-
ity (the mobility extrapolated to zero field ) is increasing with increasing temperature.
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Fig. 6. Dependence of high field mobility
on the square of electric field at room temperature
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Comparing Egs. (11) and (12), the mobility variation with the field and tempera-
ture is given by

H(E,T) = tty exp(=V/kT)]exp(BNE IKT) (13)

The expression in the bracket is field independent and g is the zero field mobility
at any temperature 7. The electric field helps the hopping carriers to overcome the
potential barrier resulting in an increase of mobility with the increase in electric field
E. The extrapolation of field dependences of the hole mobilities to zero field (Fig. 6)
yields zero field mobilities at various temperatures and it is observed that it also shows
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Arrhenius type temperature dependences (Fig. 7). From the slope and intercept of
straight line V and x4, are estimated to be 0.30 eV and 4.0x10cm*/(V's), respectively.
It is interesting to note that the value of V is the same as calculated earlier. This relies
upon the assumption that the charge transport is controlled by traps which are charged
when empty, giving the Poole—Frenkel type mobility field dependences. It has been
observed that the temperature dependence of the hole mobility in the PbPc shows an
Arrhenius type behaviour and the energy of activation calculated has been found to
show a negative field dependence.

3.3. Capacitance—voltage characteristics

In Figure 8, the capacitance spectrum at zero bias of the ITO/PbPc/Al device is
shown at temperatures ranging between 250 K and 350 K and frequencies between
5 Hz and 1 MHz. One can notice the presence of steps due to the release of trapped
charges from the trapping states. There is a shift of these steps to higher frequencies
with increasing temperature, which indicates that the detrapping time constant of
charge carriers is temperature dependent. Characteristic features of these states can be
derived from the C(f) spectra at certain critical frequencies @, where an instantaneous
decrease of the capacitance is observed.

40

30F

20 F

Capacitance (nF)

0
1.E+00 1.E+01 1.E+02 1E+03 1.E+04 1.E+05 1.E+06
Frequency (Hz)

Fig. 8. Dependence of capacitance on frequency
at various temperatures for Al/PbPc/ITO device

If a trapping state with the emission rate 7= 1/ay is considered, the dependence of
the capacitance on the frequency wis given by [25]

3 (14)
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The equation is a stepwise function, whereas the critical frequency ay is the tem-
perature-dependent parameter and can be described by the following expression

w,=7"'=Ny,o0,exp(—E,/kT) (15)

v" th

where E, is the activation energy, N, is the effective density of states in valence band,
vy, 1s the thermal velocity of the charge carriers and ¢, is the capture cross section for
holes. Assuming that 1, o< 7" and N, o< T°”, one may express Eq. (15) as

w,=7"=¢ 70, exp(—E, /kT) (16)
where & is the pre-exponential factor.
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Fig. 9. Arrhenius plot of @, for Al/PbPc/ITO device

Based on the model of Walter et. al. [26], from the minimum value of the capaci-
tance derivative with respect to frequency at various temperatures, we have plotted ay
as a function of the reciprocal temperature 7' (Fig. 9). We have calculated the activa-
tion energy form the slope of the Arrhenius plot and the temperature dependent pre-
exponential factor v, =&T 20, have been estimated from intercept on T ! axis. The
values of activation energy E, and v, for PbPc are 0.32 eV and 8.0x10° 5™, respec-
tively, being in good agreement with the values reported for other metal phthalocya-
nines. The value of activation energy suggests that the defects originate from the trapping
centres at the metal-PbPc interface. For the occurrence of these trapping centres, one
would expect a weak bias sensitivity due to the hopping nature of the charge transport. At
high electric field, the Coulomb barriers which separate adjacent hopping centres should
be lowered or increased when the DC voltage is applied (Poole-Frenkel mechanism).

In the higher voltage region, we have also observed a change in the dominant con-
duction mechanism as shown in J-V characteristics in dark. The variation of log.J with
V' shows a linear relationship and is attributed to either the Poole—Frenkel (PF) or the
Schottky effect [27]. Both mechanisms present a voltage variation described by:

J=J,exp(AV"?) (17)



1186 G. D. SHARMA et al.

where 4 = fkTd'"?, d is the film thickness and £ is the field lowering coefficient
which is twice higher in the PF effect as compared to the Schottky effect. Bpr is de-

fined as
3 1/2
By = (q—j (18)

e

where ¢ is the electronic charge, and ¢ is the permittivity of the organic layer. From
the J—F""”* plot we obtained the parameter 4 defined in Eq. (17) and consequently, the
value of £. This value is approximately equal to fpr calculated from Eq. (18) and is
consistent with the values reported for other metal phthalocyanines for the Poole
—Frenkel conduction is the Schottky junction [28, 29].
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Fig. 10. Dependence of 1/C* on bias voltage
for Al/PbPc/ITO device at various temperatures

Figure 10 shows the 1/C°—V characteristics of the ITO/PbPc/Al device measured
in dark at various temperatures at low frequency (40 Hz). The capacitance of the de-
vice can be expressed by two series: the junction capacitance C; and the geometrical
capacitance C, referring to the bulk region of the PbPc; it can be expressed by

1 1 1
—=—+— (19)
c C, C

J

The dependence between C; and the reverse bias for an abrupt junction can be de-
scribed by [20, 30]:
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1
— = 1 (20)
C, geN, A

J

where V}; is the built-in potential, &, is the free carrier concentration, 4 is the effective
surface area of the device and € s the dielectric constant.
The carrier concentration can be experimentally estimated from [31]:

/)
D 1)

dv geN, A

where d(1/C))/dV is the slope of the straight line and the intercept with the horizontal
asymptote gives the built-in potential V;; [32].

The asymptote represents the geometrical capacitance of the bulk region. The car-
rier concentration and built-in potential have been estimated (Table 1). The width of
the depletion region W is related to the junction capacitance at V= 0:

W= [%J (22)

where £1is the permittivity of PbPc.

Table 1. Electrical parameters of Al/PbPc/ITO derived from
capacitance—voltage characteristics at various temperatures

Temperature, T
Parmeter
250K | 275K | 300K 325K | 350K
Vi (V) 0.65 0.63 0.61 0.59 0.58
¢ (eV) 0.92 0.87 0.85 0.78 0.71
W (nm) 68 62 56 45 41
N, (m?) | 2.3x10*" |6.7x10%"| 2.3x10% | 5.6x10% | 8.9x10%

The potential barrier ¢, between Al and PbPc has been calculated from the follow-
ing expression:

@, =Vb,.+kT1n(m (23)

a

where N, is the density of states in valence band. The values of N,, W and ¢, are pre-
sented in Table 1. The potential barrier at AI-PbPc in the device estimated from the
C—V characteristics is almost equal to that calculated from the J—V characteristics.
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3.4. Optical and photovoltaic properties

The energy gap was measured from the optical absorption curves, fitting data
taken in the visible energy range. The energy gap E,py 1s related to the absorbance o
by Eq. (24), where /v is the photon energy and A4 is a proportionality constant

ahv=A(h-E,) " (24)

The value of E, ) Was determined by the extrapolation of the linear region to zero
absorption [33], which is about 1.8 eV.

The energy levels for HOMO and LUMO of the PbPc were obtained by cyclic
voltammetry with the method described by Bredas et al. [34]. The value of HOMO
and LUMO levels for PbPc are 5.2 eV and 3.5 eV, respectively. These values lead us
to electrochemical energy band gap for PbPc being about 1.7 eV, which is in a good
agreement with those reported for other metal phthalocyanines [29, 35] from photo-
emission spectroscopy and cyclic voltammetry measurements.

15 r
e
e
< 1
=
2os |
=
O
1.5 -1 -05 05 1 15
05 Voltage (V)

o L

Fig. 11. J-V characteristics under illumination
for Al/PbPc/ITO device at room temperature

The current—voltage characteristics of the Al/PbPc/ITO device under illumination
of 5 mW/cm® is shown in Fig. 11. The values of photovoltaic parameters, i.e. short
circuit current J,., open circuit voltage V., fill factor FF and power conversion effi-
ciency 77) have been calculated from the following expression [36]:

V.J

oc -~ sc

FF 25)

and
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77 — sc__oc (26)

J.and V,, are the current and voltage maximum values, respectively and P;, is the
intensity of incident light. The variation of V,, with incident intensity P;, (corrected for
absorption by ITO ) are shown in Fig. 12. We have found the following results: The
short circuit photocurrent J;. increases as (P,-n)o'6 between 0.01 and 5 mW/cm® and tends to
saturate beyond this value. The fill factor decreases slightly up to 0.1 mW/cm’ and
then saturates.
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Fig. 12. Dependences of J,., V,. and FF'
on the light intensity at room temperature
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Fig. 13. Photoaction spectra for illumination of Al/PbPc/ITO

device through ITO and Al electrodes
along with absorption spectra of PbPc thin films

The consequence is a decrease in power conversion efficiency with P;,. The variation of
short circuit photocurrent with light intensities below 1 mW/cm® indicates that photocur-
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rent is limited by electron—hole bimolecular recombination leading to a decrease in over all
power conversion efficiency. The values of short circuit photocurrent J;., open circuit volt-
age V,., fill factor FF and power conversion efficiency 7 are 1.23 MA/cmz, 0.72V, 043
and 0.077 %, respectively at the light intensity of 5 mW/cm’.

Figure 13 shows the photoaction spectra of short circuit current for ITO/PbPc/Al
Schottky barrier device illuminated through Al and ITO electrodes along with the spec-
trum of the PbPc layer. The absorption spectra of PbPc layer and photoaction spectra
match fairly well when the device is illuminated through Al electrode. However, when
the device is illuminated through ITO electrode, the photoaction spectra exhibit a mini-
mum at the maximum of the absorption of PbPc layer. This behaviour is consistent with
the Schottky junction located at the AI-PbPc interface which is responsible for the recti-
fication behaviour observed in current—voltage characteristics in dark.

4. Conclusions

We have studied electrical and optical properties of the device based on PbPc sand-
wiched between Al and ITO. Based on the optical absorption spectra and cyclic voltam-
metry techniques, we have estimated optical and electrochemical band gaps of PbPc, being
1.8 eV and 1.7 eV, respectively. The current in this device is limited by hole injection at
the Al/PbPc interface when the device is reverse biased and becomes space charge limited
at high voltages, wherein tunneling contributes significantly to the charge injection. In the
forward bias, the ITO/PbPc interface supplies high amount of charges in the PbPc bulk,
and the current is space charge limited in the whole voltage range beyond 0.6 V, indicating
the formation of an ohmic contact for hole injection at ITO/PbPc interface. From the de-
tailed analysis of J—V characteristics, we have evaluated the potential barrier at Al/PbPc
and ITO/PbPc, i.e. about 0.88 eV and 0.12 eV, respectively, which is in good agreement
with the values calculated from the capacitance —voltage characteristics. The hole current
is found to be space charge limited providing a direct measurement of mobility as a func-
tion of temperature and electric field. The hole mobility exhibits field dependence in ac-
cordance with the Poole—Frenkel effect.

Electroactive defects were also investigated by the space charge capacitance spec-
troscopy methods as a function of temperature and frequency in the range 250-350 K
and 5 Hz—1 MHz, respectively. From the Arrhenius plots of critical frequency, we
have concluded that the defects are thermally activated with the activation energy
about 0.32 eV. The values of potential barrier and thickness of the depletion layer
have also been estimated from the capacitance—voltage characteristics and found to be
about 0.86 eV and 72 nm, respectively, and decreases with increasing temperature.
The photoaction spectra of the device and optical absorption spectra of PbPc also lead to
a conclusion regarding the formation of ohmic and Schottky barriers at ITO and Al con-
tacts, respectively. The photovoltaic parameters of the device are: J,. = 1.23 pA/cm’,
Voe=0.7V, FF=0.43 and = 0.077 %.
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