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Abstract—The results of studying the thermally stimulated depolarization currents in thin films of poly-
diphenylenephthalide (PDP) with a thickness of 20 nm to 1.4 um under a constant stress in a structure with
an insulating dielectric layer are presented. Nonmonotonic behavior of the dependence of the activation
energy of charge carrier trapping sites and the relaxation of the space charge on the thickness of PDP polymer
films is found. A correlation between the change in the supramolecular structure of the films and the above
parameters is established. The obtained results are interpreted using the theory of thermally stimulated dis-

charge in short-circuit heterogeneous structures.
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1. INTRODUCTION

The high demand for materials of smart electronics
has led to the synthesis of a wide range of polymers
with unique functional properties. Entire classes of
polymers that are capable of changing their electro-
physical characteristics under small external stimuli
(changes in pressure, light, humidity, atmospheric
composition, electric and magnetic fields, radiation,
etc.) have been created. These materials include heat-
resistant nonconjugated polymers of the class of pol-
yarylenephthalides (PAPs) [1, 2]. Submicron PAP
films exhibit abnormally high levels of electrical con-
ductivity comparable to the electrical conductivity of
metals. The explanation of the unique electrophysical
properties of thin polymer films is associated with the
mechanism of delocalization of deep-lying electronic
states in the forbidden zone of the polymer when the
concentration of the excess charge reaches a certain
value [1]. At the same time, the complex spectrum of
electronic states in the band gap is a feature of this
class of polymers [3—5]. As a rule, the nature of the
distribution of these states is determined by the chem-
ical structure of a particular polymer [6]. As was found
in [7, 8], the supramolecular ordering in thin films of
polydiphenylenephthalide (PDP)—which is a repre-
sentative of PAPs—changes with a change in the film
thickness. It was shown later [9, 10] that some elec-
tronic properties of thin films change in the transition
region of thicknesses. This does not contradict, in
principle, the general idea of the relationship between

the structure and properties of polymeric materials.
For example, studies of the relaxation processes
occurring in R-BAPS polyimide films [11] showed
that not only the chemical structure of the polymer,
but also the supramolecular structure of the studied
objects has an effect on the activation energy of charge
carrier trapping sites [ 12]. A similar trend can be traced
in other electronic properties of various polymers
[13, 14].

Aswas found in [7, 8], the supramolecular ordering
of PDP polymer films in the thickness range from 100
to 200 nm changes from a homogeneous globular
structure to structures with relatively large aggregates
of macromolecules. The nature of these changes may
be important in predicting the electronic properties of
various heterostructures based on wide-gap polymers.
However, the relationship between the supramolecu-
lar structure of PDP films and the change in the
energy distribution of charge traps has not yet been
studied.

Therefore, the aim of this work was to study the
dependence of the energy characteristics of traps (acti-
vation energy) on the thickness of PDP polymer films
by the method of thermally stimulated current spec-
troscopy [15].

2. MATERIALS AND METHODS

Thin films of polydiphenylenephthalide are chosen
as an object of this study, since a study of trap states by

1473



1474

thermostimulated methods has been performed earlier
on such objects [3—6, 16, 17]. In addition, the supra-
molecular structure of thin films was studied using
various methods. The experimental samples were
formed on a glass substrate and represented a multi-
layer metal/polymer/metal system. The lower alumi-
num electrode was formed by thermal diffusion sput-
tering. The second copper electrode was of a pressure
type. The pressure of the electrode on the sample was
chosen on the basis of the following two consider-
ations: it should be less than the threshold pressure of
electronic switching of the film [1] and should pro-
vide, at the same time, reliable electrical contact. The
quality of the contact was evaluated by the type and
reproducibility of the current—voltage characteristics
(CVC). A polymer film was deposited on a metal elec-
trode by centrifugation (3000 rpm) from a solution of
PDP in cyclohexanone. The thickness of the polymer
films was set by changing the concentration of solu-
tions in the range from 0.5 to 10 wt %. This corre-
sponded to film thicknesses from 20 nm to 1.4 um.
Samples were dried for 30 min under normal condi-
tions and then in a drying oven for 40 min at a tem-
perature of 150°C to remove solvent residues. The
quality and thickness of the polymer films were con-
trolled by atomic force microscopy using an
SMM2000T microscope. The dependence of the
thickness of the polymer films on the concentration of
the polymer solution and the mean square surface
roughness of the polymer films are shown in Fig. 1.

The method of thermally stimulated depolarization
(TSD) currents was chosen as a main research
method. This method is referred to as highly sensitive
methods for studying electronic states in polymeric
materials. It is used to study the electrical relaxation
mechanisms and energy parameters of electrically
active charge-trap sites in dielectrics and semiconduc-
tors [15]. Earlier, the study of the spectra of TSD cur-
rents in micrometer PDP films [16, 17] revealed some
mechanisms responsible for the thermal relaxation of
trapping sites. It was found that the main charge relax-
ation mechanisms are dipole polarization associated
with the thermal motion of the lateral phthalide frag-
ments and a change in the concentration of the space
charge due to the capture of charges injected from the
electrodes by electron traps.

The difficulty in implementing this method is asso-
ciated with the possible appearance of charge instabil-
ity in PDP thin films, which leads to switching of the
sample conductivity to a high-conductivity state. As
was found earlier [1, 18—20], submicron PDP films
placed between two metal electrodes can change, at
relatively small applied voltages, their conductivity by
several orders of magnitude (up to the conductivity of
metals). It is obvious that a possible increase in the
conductivity of thin polymer films due to injection of
charges from the electrodes in an electric field can
substantially limit the applicability of the thermally
stimulated method. Therefore, a heterogeneous two-
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Fig. 1. (a) Dependence of the polymer film thickness on
solution concentration ¢ [8] and (b) mean square rough-
ness R, of submicron films.

layer structure with an insulating dielectric layer was
created by analogy with [15] to eliminate the appear-
ance of the equilibrium conductivity of ultrathin poly-
mer films. With this approach, the insulating layer
should exhibit low conductivity and have a greater
thickness in comparison with the studied film.

Such a structure enables accumulation of charges
due to the Maxwell—Wagner polarization at the poly-
mer—insulator interfaces and in the bulk of a thin
polymer film. In this case, the expression for thermally
stimulated depolarization current j(7) in a two-layer
heterostructure will have, taking into account the con-
ductivity of the layers, the following form [15]:

2
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Fig. 2. Spectrum of TSD currents for (/) fluoroplastic and
(2) PDP films with a thickness of 20 nm in a structure with
an insulating fluoroplastic layer. The heating rate is

3 K/min.

where €, and &, are the dielectric constants of the poly-
mer film and insulating layer, respectively; d, and d,
are their thicknesses; U, is the voltage of the polarizing
field; A,, E,,, and m, are the conductivity, activation
energy, and frequency factor of the polymer film,
respectively; and T and T are the current and initial
temperatures, respectively.

As can be concluded from an analysis of depen-
dence (1), the shape of the spectrum of TSD currents
is determined by the parameters of the studied poly-
mer film—in our case, the PDP film—rather than by
the properties of the insulating layer.

Therefore, a thin film of fluoroplastic F-4 with a
thickness of d, = 10 um was chosen as an insulating
layer located between the polymer film and the upper
pressure electrode.

To confirm above statement (1), control measure-
ments of the TSD currents of the specified fluoroplas-
tic film and two-layer film comprised of fluoroplastic
and PDP were carried out (Fig. 2). It was found that
under specified conditions of measurements, no spe-
cific features were recorded in the TSD spectrum of
the fluoroplastic (Fig. 2). In this case, the two-layer
film exhibits a spectrum that is quite typical for PDP
[17]. A comparative analysis of the obtained experi-
mental data confirms the conclusions arising from
equation (1). In particular, the fluoroplastic film with
a thickness of d, that significantly exceeds a thickness
of d, of the PDP film and with a conductivity that is
lower than the conductivity of PDP has no effect on
the position of the temperature maxima and the shape
of the TSD spectra. The volume resistivities of the
fluoroplastic and PDP are about 107 Q cm and
102 Q cm, respectively [21].
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Fig. 3. Spectrum of TSD currents for PDP films in a struc-
ture with an insulating fluoroplastic layer. The tempera-
ture scan rate is 3 K/min.

Activation energies E, were estimated using the
method of temperature peak position [9]. To calculate
the activation energy from the position of the tempera-
ture peak, the following formula is applied:

2
E, = kT, 1, ,
o(T,)B
where k is the Boltzmann constant, 7, is the maxi-
mum current of the corresponding peak in the TSD
spectrum, 7,, is the temperature of the maximum of
the corresponding TSD current peak, 6(7,,) is the
charge released during relaxation, and J is the rate of
heating.

()

3. RESULTS AND DISCUSSION

The spectra of TSD currents for PDP films (thick-
nesses from 20 nm to 1.4 wm) with an insulating fluo-
roplastic layer are shown in Fig. 3.

For each spectrum of TSD currents, the following
two regions are distinguished: the low-temperature
region (from 230 to 270 K) and the high-temperature
region (from 270 to 310 K). According to [6, 17], the
first region corresponds to dipole polarization, and
the second region corresponds to the formation of a
charge captured in traps in the polymer film bulk.

Figure 4 shows the experimentally obtained depen-
dences of the temperature position of the peaks and
the current maximum on the polymer film thickness
for the first and second temperature regions distin-
guished in the TSD spectra. As is known [15], the
amplitude of the peaks of the thermally stimulated
depolarization current is usually proportional to the
concentration of charge carriers captured in the trap
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Fig. 4. Dependences of (a) the current maximum and
(b) the temperature position of the peaks on the polymer
film thickness for the first (/) and second (2) temperature

ranges of the TSD spectra.

upon charging the dielectric, and the charge value is
directly proportional to the voltage of the applied field
and the capacitance of the sample. However, complex
dependences of the TSD current peak magnitudes
both on the thickness of the polymer film and on the
temperature position of the depolarization current
maxima are observed in the experiment up to film
thicknesses of about 200 nm. With an increase in the
polymer film thickness from 200 nm and higher, 7, is
linearized and shifts to lower temperatures.

The relationship between the temperature position
of the TSD current maximum (7,,) and the parameters
of trapping sites and the experimental conditions is
determined from equation (1) by an extremum analy-
sis, as follows

Ey _ o E,
Zal _ 2 —Zal | 3
KT Bexp( kT] &

m
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Fig. 5. Dependence of the 7,7, ,3 value on the thickness of
the PDP film for the first (/) and second (2) temperature
ranges of the TSD spectra.

Thus, the dependence of the temperature peak
position on the thickness of the polymer film can be
affected by both a change in the energy spectrum of
charge trapping sites and an effective frequency factor.

Applying the well-known approximate formulas
used in [16], the TSD current maximum can be deter-
mined, as follows:

dh, E
~ AT 4)
g kT,m
where A are the constant parameters that do not
depend on the properties of the studied polymer film.
Using relation (4), the dependence of the experimen-
tal data on the thickness of the polymer film can be
estimated, as follows:

1

m

ats Ea g 5)
g kay
With a weak (insubstantial) dependence of the
energy parameters on the film thickness, relation

1T = Bd, + C should be fulfilled, where B charac-
terizes the change in the electrophysical and energy
parameters of the PDP film, and Cis a coefficient.

Figure 5 shows the experimental data, which are
linearized by two curves with different slopes, within
the error margin. The transition of the slope occurs in
the region of thicknesses close to 200 nm. According
to [7, 8], the supramolecular structure of PDP films
changes in this thickness range. Thus, it can be argued
that a change in the supramolecular structure of thin
films has a substantial effect on the energy parameters.

Figure 6 shows the dependence of the activation
energies of trapping sites on the thickness of the poly-
mer film, which is calculated from the experimental

1T, ~
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Fig. 6. Dependence of the activation energy on the poly-
mer film thickness for the first (/) and second (2) tempera-
ture ranges of the TSD spectra.

data by formula (2). The shape of the activation energy
curve corresponds to a nonlinear dependence. Three
segments can be distinguished in the curve.

The first range of thicknesses extends up to 60 nm,
in which an increase in the activation energies for both
regions is observed. Moreover, the activation energy
value for the first region is greater than for the second
region.

In the second and third thickness ranges, the acti-
vation energy for the second region is greater than for
the first region. Moreover, a decrease in the activation
energies is observed for thicknesses of up to 200 nm.
With a further increase in the thickness of the polymer
film, the activation energies increase and the differ-
ence in the activation energies from the case of dipole
polarization becomes more pronounced (significant).

The results of experimental studies of the supramo-
lecular structure of polymer layers in submicron poly-
diphenylenephthalide films by the atomic force
microscopy and small-angle neutron scattering meth-
ods are presented in [7, 8]. It was established that poly-
mer films form, depending on the change in the rheo-
logical properties of the solution used in their manu-
facture, the following two types of supramolecular
structure in the bulk of the material: a globular struc-
ture and an ellipsoid-shaped structure in the form of
associates. The transition from one supramolecular
structure to another one is shown in Fig. 6.

The first supramolecular organization corresponds
to thicknesses up to 60 nm (Fig. 6). This range of
thicknesses corresponds to the minimum roughness of
polymer films, the manifestation of homogeneous
spontaneous surface polarization, and the reversible
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total polarization switching initiated by an external
field [9, 10]. The observed phenomena correspond to
the first segment in the dependence of the activation
energy on the polymer film thickness. The large value
of the activation energy of dipole polarization relative
to the release of space charge is probably associated
with the orienting effect of the substrate surface on the
ultrathin layers of the polymer film.

The second range, i.e., a segment of the curve in
the range of thicknesses from 60 to 200 nm (Fig. 6) in
the dependence of the activation energy on the thick-
ness, is associated with the rearrangement of the
supramolecular structure of the polymer film, which
leads to an increase in the defectiveness of the film
structure and a decrease in the activation energies. All
this leads to a decrease in the influence of the substrate
on dipole polarization and to the appearance of
smaller electron traps for the bound space charge.

In the third range of thicknesses (Fig. 6), the acti-
vation energies increase. This region corresponds to
the formation of associates of macromolecules in the
bulk of the polymer film. The appearance of macro-
molecule associates leads to a change in the polariza-
tion conditions and, accordingly, affects the process of
thermal relaxation of polarized molecules. At the same
time, the second (high-temperature) range of activa-
tion energies corresponding to the process of forma-
tion of a space charge trapped by electron traps
increases sharply, with a tendency to saturation of the
activation energy within the limits of 1.2 = 0.1 eV.

4. CONCLUSIONS

There is a point of view [16] that the activation
energy weakly depends on the thickness of the poly-
mer film. In this regard, the presence of three seg-
ments in the dependence of the activation energy on
the thickness (Fig. 6), which vary within 1.5 eV in the
following ranges: from 0.17 to 0.88 eV for the first
region and from 0.3 to 1.3 eV for the second region in
the selected range of thicknesses. In this case, these
segments correlate with the results of structural studies
of polymer films [7, 8]. The method of thermally stim-
ulated depolarization currents used in this study has
made it possible to reveal a region of critical thick-
nesses up to 200 nm, which require a more detailed
study. It is possible that new properties may be discov-
ered in this region of polymer film thicknesses.
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