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EFFECT OF PHASE CHANGE ON DIELECTRIC PROPERTIES OF ZINC
PHTHALOCYANINE THIN FILMS

Esmat Abdd-fattah |. Saad’
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Ain Shams University, Cairo, Egypt.

The didectric constant €', and dielectric loss ", of zinc phthal ocyanine (ZnPc) thin films, are
investigated in the frequency range 1-100 kHz and within the temperature range
293 — 415 K. Both the dielectric constant ¢’ and dielectric loss €” were found to increase with
temperature and decrease with frequency. The Cole — Cole plots have been used to
determine the molecular relaxation time t. Results revesal that the temperature-dependence of
T is athermaly activated process. The optica dielectric constant €', was found to increase
with temperature. The frequency dependence of the impedance spectra plotted in the
complex plane shows semicircles. The system could be represented by an equivaent circuit
of a bulk resistance in series with a parallel surface resistance-capacitance combination.
Transition in ZnPc films from the a-phase to the B-phase has been observed at ~390 K, in
molecular relaxation time 1, optical dielectric constant €',,, and dc conductivity oyc.
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1. Introduction

Organic semiconductors have recently become very attractive to replace inorganic
semiconductors in the development of large area, lightweight, and inexpensive light-éectricity
conversion devices. It has many applications in organic devices, such as organic light emitting
diodes (OLED) [1-3], rectifiers [4,5], organic switches [6], and memory devices [7,8]. Particular
interest has been paid in phthal ocyanine compounds, on account of their ease of preparation, thermal
and chemical stability, eectrical, and optical properties [9]. Phtha ocyanines are commonly used or
proposed for a variety of organic dectronic devices like photovoltaic cells [10-14], image pick-up
tubes [15], gas sensors [16-18], and transistors [19,20].

The AC analysis technique has been widey used, since the early days of Cole and Cole[21],
to study the did ectric behavior of crystallinge, polycrystallineg, and amorphous materids [22,23]. On
using the frequency-dependent measurements, the contributions of the bulk material, the grain-
boundaries, and d ectrode effects can easily be separated if their time constants are different enough
to allow separation [24].

On using the AC analysis technique, the didectric relaxation which is due to a number of
different polarization mechanisms could be observed [25]. The presence of any didectric relaxation
then corresponds to one or more of the possible polarization mechanisms that occur on a
microscopic scale. Each relaxation process may be characterized by a rdaxation time which
describes the decay with time of its polarization in a periodic field. On the other hand, certain
didectric quantities are employed more often than others, depending on the particular fidd of
application.

In the present work, we report our investigations on the didectric properties of zinc
phthalocyanine (ZnPc) thin films. The did ectric measurements have been performed using the Cole
— Coaleplots[21] in the frequency and temperature ranges 1-100 kHz and 293 — 415 K, respectivdy.

2. Experimental procedure

Zinc phthalocyanine (ZnPc) powder, from Fluka AG Chemische Fabrik CH. 9470 Buchs,
Switzerland, had been used to prepare samples in the form of Au-ZnPc-Au sandwich films under
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vacuum. ZnPc films have an active area of (10-12)x107° m? and thickness of 1.5-2 pm. The Au
bottom d ectrodes were evaporated from a molybdenum boat at a deposition rate 5 A/s onto Corning
7059 deaned substrates. ZnPc was evaporated at a deposition rate 10 A/s. The surface dectrodes
were evaporated at adeposition rate 1 A/sin order to avoid damage of the surface of ZnPc film. The
sampl es were prepared without breaking vacuum at a pressure ~ 10~ Torr, while the glass subsrates
were at room temprature.

To investigate the did ectric constant, didectric loss, and impedance, an RLC meter of type
PM 6304 was used. The sample was placed in an evacuated chamber, at a pressure of ~10°° Torr,
designed to minimize both stray capacitance and ambient gases effects. The range of frequencies
was 1 — 100 kHz. The temperature of the sampl e was measured by a calibrated K-type thermocouple
over atemperature range 293 — 415 K. The thermocoupl e was connected in series with an automatic
relay and a digital temperature indicator which alowed to control the temperature automatically
with an accuracy of + 1K.

3. Results and discussion

Many didectric functions, as the complex didectric constant &*, and complex impedance

Z*, have been used to describe the frequency-dependent properties of materials. These functions
may be expressed as [25-29],

g=g-ig" Q)

Z=2-iz" 2

where i =\/?1, and ¢, €", Z', and Z" are the rea and imaginary parts of the complex didectric
constant, and complex impedance, respectivdy.

The didectric constant &' is given by the relation C/C,, where C is the measured
capacitance, and C, is the geometricd capacitance which is given for a film by the vacuum
permittivity g, , area A, and thicknesst, in therdation,

Co=g,Alt 3)

The dissipation factor or loss tangent, tan §, is often used to characterize the dielectric loss
of amaterial, whichis given by
tand=¢"/¢e'=2"/Z 4

Figs. 1 and 2, show the frequency-dependence of the didectric constant €', and dieectric
loss ¢”, of ZnPc thin films, of a—form [30], at different temperatures. Both &' and &” decreases with
increasing frequency and increases with increasing temperature. At low frequencies and high
temperatures, the rate of decreasing of both ¢’ and €” is very high, while at higher frequencies the
rate slows down. At room temperature, both ¢ and &” does not show appreciable change through
the whol e range of frequencies. In Fig. 2, no peaks or minima apear for the digectric loss €” within
the range of measurements, which agrees with ref. [31], for didectric measurements of lead
phthal ocyani ne (PbPc) thin films.
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Fig. 1. Relation between log f and €’. Fig. 2. Relation between log f and &”.

Figs. 3 and 4, show the temperature-dependence of the didectric constant ¢, and didectric
loss €” of ZnPc thin films at constant frequencies. Both the did ectric functions increase slowly with
increasing temperature, but at certain temperature the rate of increase changes and becomes higher.
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At this temperature, ~393 K, a change of phase from o—phase to p—phase begin to occur. A change
of phase, from a to B phase, was aso observed in metal—free phthalocyanine (H.Pc) thin films to
occur at ~300 K for capacitance measurements in ref [32]. The broad peaks, observed with CuPc
pdlets [33], which was attributed to adsorbed oxygen molecules that tend to be desorbed at higher
temperatures, was not observed here.
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The Cole-Cdlediagrams €” (¢') of ZnPc thin films are shown & severa temperaturesin Fig. 5. &”
vanishes upon approaching both high and zero frequencies. A semicircle is obtained for each
temperature. The centers of the semicircles lie bel ow the abscissa axes by an angle a. This confirms
that there exists a distribution of rdaxation times in ZnPc. The analysis of the results could revea
several parameters such as the macroscopic relaxation time 1, , the molecular rel axation time t, the
activation energy for relaxation E, , and the distribution parameter o [21,23,28].

The macroscopic rel axation time t, can be evaluated using the relation [21]:

v o (on) ©

where U is the distance on the Cole-Cole diagram between the static didectric constant €', (© = 0)
and the experimental point, V is the distance between that point and the optical didectric constant
¢, (high ), and  isthe angular frequency. Thesymbolsa, U, and V areshown in Fig. 5. Thevaue
of 1, was found to decrease with temperature.
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Fig. 5. The Cole-Cole diagrams of ZnPc for arange of temperatures. The frequencies arein kHz.
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The molecular rd axation time  could be eval uated from [28]:

1=t (6)
3g,

The temperature-dependence of t is athermally activated process, described by [29,34,35],
T=T1,exp(-E,/kT) @)

where 1, is the rdaxation time at infinite temperature, E, is the activation energy for reaxation,
while 1 represents the average or most probable val ue of a spread of relaxation times.

Fig. 6 shows the rdaxation time 1 for ZnPc thin films plotted against the reciprocal of
temperature, and clearly shows two linear reations between In t and 1/T. These two lines are
evidence for the transition in ZnPc films from o phase to p phase observed to occur a ~390 K. The
calcuaed vaues of 1, and E, were found to be 2 x10® s and 0.12 eV for « phase, and
1.18 x10™° s and 0.3 eV for P phase respectively. It is observed that, the activation energy E, is
higher for p phase than that for o phase, sincethe B phaseis the more stabl e phase [36].
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Fig. 6. Relation between 1000/T and log t.

The variation of the opticd didectric constant &', with temperature, calculated from Fig. 5,
isrepresented in Fig. 7. Itis dear that €', increasees slowly with temperature until ~390 K, whereg’,,
increasees quickly with temperature. Transition in ZnPc films from o phase to  phase begin to
occure at ~390 K. Complete transitions in ZnPc films from a to B phase have been oberved to occur
a ~300 °C in refs. [30,36], where the films transform completely from the tetragond to the
monodlinic structure. The increase of &', with temperature could be rdated to the well-known
phenomenon that the polarization increases with temperature, which was found to be valid for a
wide range of materials [22, 33,37].
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Figs. 8 and 9 show the frequency dependence of the real and imaginary parts Z', Z", of the
complex impedance at different temperatures. Therea part decreases with increasing both frequency
and temperaure, while the imaginary part decreases with increasing frequency and increases with
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increasing temperature However, a >390 K, the imaginary part Z" a the low frequency range
began to decrease, and become lower than that at <390 K, due to the phase transition at this
temperature.
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Theimaginary part of the dectrical impedance Z” is plotted versusitsreal part Z’ for various
temperatures. Typica complex impedance spectra of ZnPc thin films related to the applied
sinusoida voltage for the temperature range 293 — 415 K are shown in Fig.10. The plots become
progressively more circular as the temperature increases.
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Fig. 10. Complex impedance spectra of ZnPc for arange of temperatures. The frequencies
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The frequency dependence of both Z’ and Z” permits separation of the resistance of the grain
bulk R, fromthat of the surface Rs[26]. The classical semicircular form shownin Fig.10, leadsto an
equivalent circuit for ZnPc comprising Ry, in series with paralld Rs— Cs combination [27], where Cs
is the capaditance of the measured sample. This leads to the established rel ations

Z':Rb+R5/[l+((0CsRS)2] ®)
Z":iO)Csts/[l+(wCsRs)2] ©)

Z" vanishes upon approaching both zero and high frequencies, whereas Z' varies throughout the
applied frequency, and is equd to (R, + Ry) a zero frequency (dc), and only Ry, at higher frequency.
Therefore, the complex semicircle Z”(Z") impedance diagram would reflect Ry, a high frequencies,
whereas contribution of Rs increases upon shifting to the zero frequency (dc).

It is seen from Fig.10, that the grain bulk resistance R;, is nearly constant, in the o—phase,
while it decreases as the temperature incresses in the p— phase. However, the grain surface resistance
Rs is dependent on temperature in both phases, and decreases as the temperature incresses. The
temperature dependence of the surface resistance Rs is represented via a thermally — activated
process, with the formula

Ry=R, exp. (AE/K T) (10)

where R, is a constant and AE is the activation energy for dc conduction.
The resistance Rs could be used to evauate the dc conductivity, using the known
relationship,

Gae = o XP. (— AE/KT) (12)

Fig.11 shows a plot of log o4 versus 1/T. The linear rdationship of Fig. 11, reveds two
straight lines. The first line (lower temperatures), resembles the o—phase, while the second line,
beginning nearly a 390 K, resembles the B—phase. The slope of theselines gives AE = 0.046 €V, and
0o = 2.24 x 10° Sm™, for the o—phase, and AE = 0.11 eV, and o, = 1.45 x 10° Sm™, for the
B—phase. The B-phase shows higher activation energy than the a- phase since the B-phase is less
conductive than the a -phase [36]. It is seen that the activation energies for conduction process is
lower than the activation energies for relaxation process. This may be attributed to the existence of
impurities and defects in the organic materia [9,10].

1000/T(1/K)
-6.05

2.5 3 3|5

logo @dc) 1/mQ)

-6.35
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4. Summary and conclusion

We have used the AC complex impedance technique to study the dieectric properties of
Zinc phthal ocyanine sandwiched thin films, Au-ZnPc-Au, in the frequency range 1-100 kHz and at
temperature range 293-415 K. The temperature dependence of molecular rdaxation time can be



Effect of phase change on dielectric properties of zinc phthalocyanine thin films 3133

expressed by athermally activated process. Transitions in ZnPc films from a- phaseto -phase have
been observed in molecular re axation time 1, optical dieectric constant, € and dc conductivity oyc
to occur at ~390 K. The B-phase dways shows higher activation energy than the a- phase, which
confirms that 3 phase is more stable than the a- phase.
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