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ABSTRACT: A series of conventional polyimide (CPI)
films, based on pyromellitic dianhydride (PMDA) and ben-
zophenonetetracarboxylicdianhydride (BTDA), were pre-
pared by a two step process, and their dielectrical constant,
dielectrical loss, and DC conduction behaviors were studied
at different frequencies and voltages. Their dielectrical
breakdown voltage, water uptake, and solubility properties
were also investigated. The effects of chemical structure and
water uptake on the electrical properties of the films are
discussed in detail. The dielectric constants of the CPI films
vary between 2.93 and 3.72 at 1 MHz frequency and they are
in the following decreasing order: BTDA-DDS � BTDA-
DDE � PMDA-DDS � PMDA-DDE. The structure and ther-

mal and oxidative stability of films were analyzed by FTIR-
ATR and TGA, respectively. The results showed that all CPI
films have good insulating properties, such as high dielectric
breakdown voltage, low dielectric constant with stability for
long period of frequency, and low leakage density. Our
results concerning electrical properties also suggest that
electron hopping is responsible for AC conduction and
Poole-Frenkel mechanism is predominant for DC conduc-
tion of all CPI films. © 2006 Wiley Periodicals, Inc. J Appl Polym
Sci 100: 810–818, 2006
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INTRODUCTION

Aromatic polyimides constitute a class of high perfor-
mance polymers that have excellent thermal, electri-
cal, and mechanical properties. One of the most im-
portant applications of polyimide thin films is their
use as insulators within ultra large scale integrated
circuit because of their good surface planarazation
characteristics, low film stress, high electrical break-
down voltage, and lower dielectric constant (less than
3.5).1–10

Insulating materials with dielectric constants as
small as possible are preferred to achieve maximum
possible device speed through smaller dimensions.2

With increasing demand on the conventional polyim-
ide (CPI) films with low dielectric constant, some
methods have been reported, for example by Simpson
and St. Clair,11 to prepare films with lower dielectric
constant.3–5,7,9–15 One of these methods is achieved by
processing large substitution groups, which is free
volume in a molecular skeleton thus lowering values
of both �atomic and �dipolar.

7,9,11 Another one is the
incorporation of fluorine atoms into the molecular
structure of the polyimide. Hougham et al.,12,13 Onah
et al.,14 and Park et al.15 were mainly interested in

fluorine introduction to polyimide structure to de-
crease the dielectric constant, which can be attributed
to changes in hydrphobicity, free volume, and total
polarizability.16 The additions of pendant and bulky
groups, flexible bridging units, which limit chain
packing density, have all been used to increase the free
volume.

Materials having dielectric constants less than 4.0
(the value of the standard SiO2 insulator) have been
recognized by the electronic industry as being supe-
rior in electrical performance to ceramic materials. The
� values of CPI films depend on their structure and are
generally in the range of 3.0–3.8.1,8 Organic polymeric
films have received great consideration as interlayer
dielectric (ILD) materials. Among polymers, CPIs
were first considered as ILD materials due to their
excellent properties.

In the literature, studies on the dielectric properties
of CPI films in AC and DC fields are not satisfactory.
Sankar et al. has reported on the preparation and
characterization of CPIs and copolyimides; however,
they did not deal with the electric properties of these
structures.17 Homma et al. reported on the DC and AC
properties of polyimide-siloxane films.18 There are a
few works on the electrical properties of modified and
CPI films. One of these has been reported by Aboel-
fotoh et al. on the frequency dependence of dielectric
loss in BPDA-PDA films.19–23 On the other hand, Lee
et al. has investigated the dielectric properties of DDE-
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based polyimide thin films based on the water up-
take.10 However, no article has been established on
both the AC and DC properties of CPI films in con-
junction with water uptake, chemical structure, and
dielectric breakdown strength.

In this study, our aim is to investigate compara-
tively the AC and DC electrical properties of a series of
prepared CPI films. The capacitance–frequency and
the I–V measurement techniques were, respectively,
used for the determination of AC and DC behaviors of
the CPI films. The frequency dependence of dielectric
constant and dielectric loss (tan �) has been investi-
gated and the conduction mechanisms for DC and AC
electrical fields have been inferred from the obtained
results. Moreover, thermal and oxidative stability,
chemical structure, dielectrical breakdown strength,
solubility, and water uptake properties of the films
were investigated.

EXPERIMENTAL

Materials

Pyromellitic dianhydride (PMDA, purity � 97), ben-
zophenonetetracarboxylicdianhydride (BTDA, purity
� 97), diaminodiphenylsulphone (DDS, purity � 99),
and diaminodiphenyl ether (DDE, purity � 99) were
received from Merck Company, Germany, and they
were used without any further purification. N-methyl
pyrolidone (NMP) was distilled over CaH2 and dried
over a molecular sieve (5 Å) before using.

Reactions

Preparation of conventional poly(amic acid) (PAA)

The reaction was carried out in a 100-mL three-necked
round bottomed flask equipped with a thermometer, a
nitrogen inlet and outlet, and a magnetic stirrer. PAA
was prepared by slowly adding dianhydride com-
pound (PMDA or BTDA) (6 mmol) into well-stirred
diamine (DDS or DDE) (6 mmol) solution in NMP
solution (solid 10% (w/v)) at 30°C. The reaction was
continued for 3 h under an N2 atmosphere at this
temperature. Four different types of PAAs were pre-
pared in the same manner. After that, the reaction was
stopped and the reaction solutions were kept in a
freezer to prevent any further reaction.

Preparation of CPI films

CPI films were first casted onto clean and dry glass
plates by using a doctor’s blade 50-�m knife from the
reaction solutions. Subsequently, the films were imi-
dized by heating at 100°C for 1 h, at 200°C for 1 h, and
at 300°C for 1 h under an N2 atmosphere in a temper-
ature-controlled oven to obtain the corresponding CPI
structures. The films were donated as PMDA-DDE

(CPI1), PMDA-DDS (CPI2), BTDA-DDE (CPI3), and
BTDA-DDS (CPI4). After this thermal treatment, the
films have been removed from the glass plates by
immersing into hot water. Thus, the obtained self-
standing films were dried in a vacuum oven. The
reactions, the structures of all CPIs, and all the dona-
tions related with the product names are shown in
Scheme 1.

Measurements

The FTIR analyses of the CPI films were carried out by
a Perkin–Elmer Spectrum One with the ATR (attenu-
ated total reflection) technique. The thermal and oxi-
dative degradations were investigated using a Linseis
L31 TGA/DTA system. The samples were heated
from room temperature to 750°C under air atmo-

Scheme 1 (a) Synthesis of PMDA-DDE polyimide film and
(b) chemical structures of CPI films.
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sphere at the heating rate of 5°C/min. The films were
dried at 80°C for 10 h in a vacuum oven and weighted.
After this, they were kept in a box with 55% relative
humidity (RH) for 1 week and reweighted. The water
uptake values of the films were calculated from the
weight changes of each film. The solubility tests were
carried out by immersing the films into various sol-
vents for 1 week at room temperature.

The base and counter Au electrodes, each of 3000 Å
thick, were evaporated and deposited onto the CPI
films under a 10�5 Torr vacuum. In this way, Au/CPI
film/Au sandwiches were ready for the measurement
of dielectric properties of the CPI films. Electrical con-
tacts were made by Indium on Au electrodes with
copper wires. A sample was placed inside a chamber
that isolates the sample from the outside ambient RH
and room temperature.

In the dielectric and AC conduction studies, the
capacitance (C) and the loss factor (tan �) of the CPI
films were measured using a Hewlett–Packard imped-
ance analyzer (HP4294A) in the frequency range 10
kHz–6 MHz. The capacitance was recorded at 25°C as
a function of frequency. The dielectric constant was
calculated from the measured capacitance data as fol-
lows:

� �
Cd
�0A

(1)

where C is the capacitance, � is the dielectric constant,
�0 is the permittivity of the free space (8.85 � 10�12

MKS unit), and d and A are the film thickness and
electrode area, respectively. The dielectric constants
and the AC conductivity (�ac(�) � ���0 tan �) of the
CPI thin films were monitored at room temperature
and at various frequencies.

In the DC conduction studies, a bias voltage in the
range of 1–50 V was applied and the current flowing
across the samples was measured by a Keithley 6514
System Electrometer. All of the measurements were
carried out under a 10�2 Torr rotary pump vacuum at
the room temperature.

The thickness of the self-standing films CPI1, CPI2,
CPI3, and CPI4 was measured by means of a stylus
profilometer and found to be 21, 18, 23, and 7 �m,
respectively. A traveling microscope was used for the
determination of the capacitor areas (�10 mm2). The
dielectric strength of the films was measured with an
Electrotechnic Laboratorium D-7015 “Insulation
Breakdown Tester” UH270, the resolution of which
was 50 V for 2.5 kV and 100 V for 5 kV.

RESULTS AND DISCUSSION

A series of CPI films were prepared by film casting
and subsequently thermal imidization from the corre-

sponding PAA solutions. The solution concentrations
were chosen to be 10% (weight) to prepare good qual-
ity CPI films. The dielectric constants for the various
backbone-structured CPI thin films were performed
with capacitance methods at different frequencies. The
films were sandwiched between gold blocking elec-
trodes to facilitate the impedance measurements.

FTIR spectra of the films

Structures of the films were characterized by FTIR-
ATR technique and as a specimen the spectra of CPI3
and the corresponding PAA are shown comparatively
in Figure 1. The peaks at 3255 and 1658 cm�1 are
attributed to the NH-bond stretching absorptions in
the PAA structure, obtained by the reaction of BTDA-
DDE. The peak at 3255 cm�1 has completely disap-
peared and the peak at 1658 cm�1 has considerably
decreased its intensity after thermal imidization. Fur-
thermore, we observed all the expected imide bands at
1777, 1713 (COO stretching), 1370 (CON stretching),
827, and 715 cm�1 (COO asymmetric stretching). In
addition, a peak at 1225 cm�1 appeared due to the
presence of ether linkage in DDE structure. The same
peaks have been observed in the other conventional
CPI films’ spectra too.

TGA of the films

Thermal and oxidative stability of all the films were
analyzed by TGA/DTA technique and the curves are
depicted in Figure 2 and Table I. All of the CPI films
have shown medium thermal stability in air due to the
presence of bending bonds of (OOO) and (OSO2O)
in the CPI structures. We may conclude that the ther-
mal stability of CPI films is in the increasing order
CPI4 � CPI3 � CPI2 � CPI1. Thermal degradation has
occurred in a single step, starting from nearly 400°C in
air. It was expected that thermal stability of CPIs can
be improved with increasing rod-like structure.
PMDA-based CPI films exhibited better thermal-oxi-
dative degradation stability than the BTDA-based
ones. The same result was also reported by Tamai et
al.24

Electrical properties of the films

Dielectric constant

The frequency dependence of the dielectric constant is
a very important factor to be considered for dielectric
materials in their microelectronic applications. The
dielectric constant and dielectric loss are plotted
against log f in Figures 3 and 4, respectively. One can
see from Table II that at 100 KHz, the dielectric con-
stants of the CPI films vary in the 2.93–3.72 ranges
depending on the chemical structure. CPI1 has the
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Figure 1 FTIR spectras for (a) BTDA � DDE PAA before thermal imidization and (b) BTDA � DDE polyimide film after
thermal imidization.
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smallest dielectric constant, while CPI4 has the largest
one. Although the thickness of the films are different,
we compared the dielectric constants of the all CPI
films depending on the experimental fact that for films
thicker than 1 �m the dielectric constant does not vary
with thickness.2 The dielectric constant of CPI thin
films may be affected by decreasing the molecular
packing efficiency of their chemical structures. A low
molecular packing order can lead to a decrease in the
number of polar group in unit volume. In other words,
fewer polarizable groups in unit volume may lead to a
low dielectric constant for CPI thin films.

PMDA-based films have shown more insulating
properties than BTDA-based ones. It is clear that
BTDA has more polarizable groups than PMDA. Fur-
thermore, DDE-based CPI thin films have lower di-
electric constants than DDS-based ones due to larger
polarity of DDS. If we consider the dielectric constant
of CPI3 and CPI4, it is seen that the sample CPI4 has
a larger dielectric constant than the sample CPI3. This
can be explained by the existence of sulfone groups in
the sample CPI4. The electron density of S atoms
forms extra polarization by sliding on the oxygen
atoms and this causes an increase in the dipole num-

ber density. In the DDS structure, the charge distribu-
tion that slided on the oxygen atoms is two times as in
the DDE structure. Therefore, the electronic conduc-
tivity of CPI4 is twice compared with that of CPI3 and
the conductivity is completely realized over the �
bonds.

Frequency dependence of dielectric constant

The dielectric constant was calculated, according to
the usual parallel plate capacitor formula. From Figure
3, one can see that � slightly decreases with increasing
frequency when temperature is kept constant at room

TABLE I
Thermal and Oxidative Stability of All CPI Films

Film symbol

Temperature (°C)

10%
weight loss

50%
weight loss Residuea

CPI1 (PMDA � DDE) 415 485 8.6
CPI2 (PMDA � DDS) 405 505 11.2
CPI3 (BTDA � DDE) 355 500 10.4
CPI4 (BTDA � DDS) 465 530 8.0

a The remaining residue at 750°C.

Figure 2 TGA curves for all CPI films.

Figure 3 Dielectric constant � versus frequency for all CPI
films at room temperature.

Figure 4 Dielectric loss tan � versus frequency for all CPI
films at room temperature.
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temperature. The dielectric constant of polymers is
generally known to decrease gradually with increas-
ing frequency because the response of the electronic,
atomic, and dipolar polarizable units vary with fre-
quency. This behavior can be attributed to the fre-
quency dependence of the polarization mecha-
nisms.19,25 In a polymer, the magnitude of the dielec-
tric constant is, therefore, determined by the ability of
the polarizable units to orient fast enough to keep up
with an applied AC electric field. When frequency
increases the orientational polarization decreases,
since the orientation of dipole moments need a longer
time than electronic and ionic polarizations. This
causes the dielectric constant to decrease. For many
microelectronic applications, dielectric materials with
stable dielectric constant and dissipation factor values
across large frequency and temperature range are
highly preferred. Our results (depicted in Figure 3)
show that our samples satisfy these properties.

Frequency dependence of dielectric loss

One can see from Figure 4 that although the dielectric
loss curves of CPI1 and CPI2 follow each other, the
dielectric loss curves of CPI3 and CPI4 separate from
the first two and also from each other. Furthermore,
the dielectric loss values of CPI1 and CPI2 are higher
than the dielectric loss values of CPI3 and CPI4, and
the dielectric loss curve of CPI3 is the lowest. More-
over, the peaks of the CPI3 and CPI4 are broader. The
broadness of the relaxation loss peak may be illumi-
nated due to the existence of a superposition of dif-
ferent dipole relaxation periods.2,26,27 CPI4 has a
broader peak compared with that of CPI3. This may be
explained by the presence of larger amount of dipoles
in the polymer unit and the higher water uptake prop-
erty of CPI4. BTDA has higher water uptake values
because it has more free volume between the mole-
cules. Highness of the dielectric loss of samples in-
cluding DDS is due to the increase of number of
dipoles. The maximum of the relaxation peak of sam-
ples based on PMDA is almost twice of the higher
maximum of the relaxation peak of BTDA-based sam-
ples. This is attributed to the higher rigidity of PMDA,
which obstructs the motion of the included dipoles.
On the contrary, the elasticity of BTDA due to CAO

bonding makes the movement of dipoles easier in
BTDA-based samples.

Frequency dependence of AC conductivity

The AC conductivity of CPI films has been calculated
from the measured values of the capacitance, dissipa-
tion factor, and capacitor area for each frequency at
room temperature. Using the obtained data, the fre-
quency dependence curves of AC conductivity for CPI
films are shown in Figure 5. It is observed that the AC
conductivity, �ac(�), increases as frequency increases
in all CPI films. Such a behavior can be described by

�ac��	 � A�S (2)

for several low mobility polymers and even for non-
crystalline materials. Here, � is the angular frequency,
A is a temperature independent constant, and s is the
frequency exponent, the value of which is used to
understand the conduction or relaxation mechanism
in insulating materials.28 The estimated values of the
exponent s for CPI1, CPI2, CPI3, and CPI4 polyimide
films were found as 1.11, 1.12, 1.07, and 1.09, respec-

TABLE II
Dielectric Constant, Dielectric Breakdown Voltage, and Water Uptake % of All CPI Films

Film symbol

Dielectric constant Dielectric breakdown
constant (kV/mm)

Water uptake
(%)100 kHz 1 MHz 10 MHz

CPI1 (PMDA � DDE) 2.93 2.85 2.77 168 1.35
CPI2 (PMDA � DDS) 3.05 2.98 3.04 145 1.47
CPI3 (BTDA � DDE) 3.20 3.15 3.20 181 1.52
CPI4 (BTDA � DDS) 3.72 3.63 3.87 153 1.71

Figure 5 Dielectric conductivity versus frequency of CPI
films at room temperature.
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tively, that is in the vicinity of 1. By following the
previous explanations concerning the conductivity
mechanisms,28,29 we can conclude that the hopping
conduction mechanism is valid for all CPI films.

DC conduction

The variation of current as a function of the applied
voltage on the CPI thin films is shown as log J versus
log V curves in Figure 6. It is observed that the current
has voltage dependence in the form I 
 Vn, where n
depends on the applied electric field and temperature.
CPI3 and CPI4 exhibit ohmic conductivity properties
at low fields up to 10 V and after this voltage show
nonohmic behaviors, and the slopes for samples CPI3
and CPI4 in the nonohmic region have been calculated
as 1.35 and 1.53, respectively. Interestingly, in contrast
to the CPI3 and CPI4 samples, the CPI1 and CPI2
samples show ohmic conductivity properties up to 25
V. After 25 V, slopes for samples CPI1 and CPI2 in the
nonomic region have been determined as 1.57 and
1.78, respectively. Although the current is due to ther-
mally generated carriers in the ohmic region, a trap-
related conductivity is observed in the nonohmic re-
gion. These results are in good agreement with the
recently reported results.19,30 The voltage value at
which ohmic behavior changes to nonohmic behavior,
the threshold voltage, is seen to depend mainly on the
PMDA and BTDA structure but not on the addition of
DDE and DDS. The difference in the threshold volt-
ages (10 and 25 V) of different samples may be ex-
plained by the structural difference of the films.

There are three different types of conduction mech-
anisms: space charge limited conduction (SCLC),

Schottky-type conduction, and Poole-Frenkel-type
conduction mechanism, and one of these mechanisms
will be dominant in our samples.31 As it is seen from
Figure 7, the slopes of log J versus V1/2 curves vary in
the range of 1.35–1.78 in the nonohmic region. As far
as we know, the SCLC mechanism is not possible in
this range because in the case of SCLC mechanism, the
slopes in the nonohmic region should be equal or
higher than two.32 Also, the voltage dependence of the
current density in Figure 7 indicates that the possible
conduction mechanisms may be either Schottky or
Poole-Frenkel-type current mechanism.33.

The Schottky-type effect is charge carrier injection to
the film from the contact via the field assisted lower-
ing of the metal insulator potential barrier. The expres-
sion for Schottky-type current density is given by

J � A*T2 exp��SE1/2 	 
S	/kBT (3)

�S � �e3/4���0	
1/2 (4)

where 
S is the Schottky barrier height at the metal
electrode–insulator interface in the absence of electric
field, T is the absolute temperature, kB is the Boltzman
constant, A* is the effective Richardson constant, E is
the electric field that is given by E � V/d, where V is
the applied voltage and d is the thickness of the sam-
ple and the constant �S is the Schottky field-lowering
coefficient, e is the electronic charge, � is the high
frequency dielectric constant, and �0 is the permittivity
of free space.

The Poole-Frenkel effect is the release of charge
carriers from traps, lowering coulombic potential bar-

Figure 7 Current density log J versus the square root of
voltage V1/2 for CPI films at room temperature.

Figure 6 Current density log J versus voltage log V for CPI
films at room temperature.
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rier of a trap via the electric field. The equations for the
Poole-Frenkel-type current density take the form

J � J0 exp��PFE1/2/2kT	 (5)

�PF � 2�e3/4���0	
1/2 � 2�S (6)

where J0 is the low-field current density and �PF is the
Poole-Frenkel field-lowering coefficient.34,35 A plot of
log J versus V1/2 should yield a straight line if either
the above mentioned two mechanisms are dominant
in the four different polyimide films. Figure 7 shows
the log J versus V1/2 plot for all polyimide thin films of
thickness 21, 18, 13, and 7 �m. The theoretical and
experimental values of the � coefficients were calcu-
lated and compared to determine which mechanism is
dominant. The experimental values of � were ob-
tained from the slopes of the linear portion of log J
versus V1/2 plots in Figure 7 and the theoretical �S and
�PF coefficients were calculated by using eqs. (4) and
(6), respectively. The needed dielectric constant values
of the four different polyimide thin films were esti-
mated from the AC conductivity studies (Fig. 3). They
have been found to be 2.69, 2.98, 3.15, and 3.63 at 1
MHz. Thus calculated �S and �PF values are given in
Table III along with the experimentally obtained �
values. It is clear that the experimental values are
closer to the calculated �PF than �S. Hence, it can be
concluded that the conduction mechanism for all CPI
films is closer to the Poole-Frenkel type.

Solubility, water uptake, and dielectric breakdown
strength properties of CPI films

Solubility, dielectrical breakdown strength, and water
uptake properties of the CPI films were performed.
NMP, tetrahydrofurane (THF), dichloromethane
(MeCl2), and toluene were used as the solvents for
solubility experiments. The solubility properties of the
films were given in Table IV. The CPI films have
shown an excellent solvent resistance in NMP, DMAc,
THF, and Toluene.

Absorbed water in the package has a critical effect
on the electrical properties of CPIs. As water has a
very high dielectric constant, absorption in even small
amounts can affect the dielectric constant of CPI films.

Moreover, a structurally flexible polymer with bulky
chemical groups in its structure shows more water
uptake than the rigid one.10 Water uptake properties
of the CPI films are depicted in Table II. The values are
in the range of 1.35–1.71. Water uptake values are in
increasing order for our samples: PMDA-DDE
� PMDA-DDS � BTDA-DDE � BTDA-DDS. In addi-
tion, DDE-based CPI films show lower water uptake
values than DDS-based anologs.

Dielectric breakdown strengths, which is deter-
mined as the minimum value in the applied voltage at
which breakdown occurs, for all of the CPI films were
in the range of 145–181 KV/mm. It can be affected
from the temperature changes, humidity, thickness,
and purity. All results are shown in Table II. The
materials to be used in microelectronics industry are
highly preferred to have high dielectrical breakdown
strength and low water uptake.

CONCLUSIONS

CPI films with different combinations of monomers
were prepared and the investigation was focused on
their dielectric constants, thermal and oxidative stabil-
ity, and electrical conduction mechanism. It is showed
that PMDA-DDE has the lowest dielectric constant
and dissipation factor among the prepared CPI films.
PMDA-based films have shown more insulating prop-
erties than BTDA-based ones. It is clear that BTDA has
the more polarizable groups than PMDA. Further-
more, DDE-based CPI thin films have lower dielectric
constants than DDS-based due to the more polarity of
DDS. The capacitance was found to decrease with

TABLE III
Theoretical and Experimental Values of � for All CPI Films

Film symbol
Experimental �

(eV m1/2 V1/2 � 10�5)
Theoretical �s

(eV m1/2 V�1/2 � 10�5)
Theoretical �PF

(eV m1/2 V1/2 � 10�5)

(PMDA � DDE) 5.86 2.31 4.62
(PMDA � DDS) 5.66 2.19 4.38
(BTDA � DDE) 5.09 2.13 4.26
(BTDA � DDS) 4.01 1.99 3.98

TABLE IV
Solubility Properties of All CPI Films

Film symbol

Solubility

NMP THF MeCl2 Toluene

CPI1 (PMDA � DDE) • * • * • * • *
CPI2 (PMDA � DDS) • � • * • * • *
CPI3 (BTDA � DOE) • * • * • * • *
CPI4 (BTDA � DDS) • * • * • * • *

•, insoluble at room temperature; �, soluble in hot solvent;
and *, insoluble in hot solvent.
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increasing frequency. It can be described by the fact
that dipoles do not become oriented rapidly as fast as
changing in electrical field. On the other hand, the
films having higher water uptake properties showed
the broader dielectric relaxation peaks. AC conductiv-
ity behavior of all CPI films obeys hopping conduction
mechanism. For DC conduction mechanism, Poole-
Frenkel is dominant mechanism for conducting on
CPI films. Water absorption of the CPI films has de-
creased with lowering chain packing order.
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