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Dielectric and Electrical Properties of Copper-Polyimide-Copper Structures
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Experimental study of current-voltage (I-V) characteristics and frequency dependences of impedance in copper-Kaptoncopper structures in the temperature range 240 – 300 K were carried out. Concentration and mobility of charge carriers
thermally excited from traps with exponential distribution by energy in Kapton bulk and metal-Kapton interface and
injected from copper electrodes into Kapton were estimated from the fitting of experimental I-V curves within the frame
of the model of the space charge limited current (SCLC). Concentration and the width of energy of localized states,
arising from the disorder of the Kapton structure, are additionally estimated from the I-V characteristics.
Keywords: polyimides, Kapton, carrier transport mechanisms.

1. INTRODUCTION∗
Aromatic polyimides (PI) are very common among
modern polymeric materials because they have a wide
range of functional properties [1, 2]. On the one hand, due
to significant polar bonds between molecular chains, PIs
have high thermal stability, outstanding mechanical and
electrical characteristics, which allow them to be widely
used in several industrial products [2 – 14]. On the other
hand, the high dielectric characteristics of thin PI films
make it possible to use them as insulating layers in ultralarge integrated circuits. The latter is also due to the good
ability of the PI films to planarize, low values of
mechanical stresses, and high voltages of electrical
breakdown. In addition, according to [14, 15], PI films
have a lower dielectric constant ε (no higher than 3.5 – 4.0)
compared, for example, with silicon oxide and silicon, due
to the formation of pores during crosslinking of molecules
of the PI structure. This makes PI films preferable (in
comparison with silicon oxide) for achieving the maximum
possible operation speed of electronic devices while decreasing their size [2].
In addition to the applications described, we can
expect that PI films can serve as suitable substrates for the
formation of various types of hybrid structures (HS), for
example, in combination with metal, semiconductor,
graphene, or other two-dimensional layers. In this case,
interesting possibilities for electronics can be provided by
PI films made in the form of porous membranes with
artificially formed vertical channels (pores). For example,
in hybrid structures of the PI/graphene, obtained by
transferring CVD graphene layers onto a porous PI
membrane, breaks in the graphene layer will be formed
over the pores due to the internal stresses. The latter can
lead to the “opening” of the forbidden zone in the graphene
layer [16], which makes it possible to create field-effect
transistors, various sensors, and other devices based on
such HSs. To implement this idea, it is necessary to study
the changes introduced by the graphene layer to the
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electronic transport in the metal/membrane/metal/graphene
/metal HS. However, before studying this kind of HS, it is
necessary to understand the changes in the carrier transport
properties that are introduced into the PI substrate itself by
the pores, as well as by deposited metallic layers (to form
ohmic electrical contacts and/or Schottky barriers, etc.).
These changes in the electron transport characteristics of
substrate will be determined not only by the transformation
of the structure of the PI layer itself (for example, due to
the formation of pores) but also, to a large extent, by the
properties of the pore surface and interfaces such as
PI/metal.
Low values of dielectric constant and high resistivity
of PI films, which make it possible to use them in
electronics, are determined by the presence of dipoles,
which often determine the mechanisms of charge carrier
transport in them in both direct and alternating currents.
The electrical and dielectric properties of PI films
measured in AC/DC electric fields and described in the
literature strongly depend on the structural features of the
dipoles existing in them, which are determined by the
method of film production. The AC/DC electrical
properties for pure (undoped) PI films from different
manufacturers, depending on their structure and external
influences, were studied in a set of papers [9 – 15, 19 – 31].
They showed that above room temperatures and in electric
fields up to 1 MV/m in undoped PI, five main mechanisms
of carrier transport predominate – Richardson-Schottky,
Poole-Frenkel, Fowler-Nordheim, Mott-Gurney (limited
current space charge), as well as hopping of electrons and
(or) ions under the influence of temperature and electric
field. In some cases, in a wide range of temperatures (300 600 K), combinations of these mechanisms are possible,
while the hopping contribution of ions is usually observed
in strong electric fields and at the highest temperatures
[19 – 23]. At the same time, it should be stated that due to
the high resistivity of PI, the indicated mechanisms of
charge carrier transport have not been studied below room
temperature. However, high resistance (stability) of PI
substrates to low temperatures impact, one can hope for
their application in cryogenic power electronics and
sensors designing.

Therefore, this work is focused on the detailed study of
the mechanisms of charge carriers transport in the undoped
PI films of the Kapton type (before the formation of pores
and the hybrid structures with graphene themselves) based
on the study of the temperature dependences of the currentvoltage (I-V) characteristics and the frequency
dependences of the impedance of copper-Kapton-copper
structures.

2. EXPERIMENTAL
In this work, we investigated flat copper-Kaptoncopper structures, on which DC I-V characteristics at
different temperatures as well as frequency dependences of
impedance at room temperature were measured when an
electric field bias was applied normally to the plane of the
polymer film. Copper layers with a thickness of d = 80 nm
were sputtered on both sides of a 40 μm thick Kapton film.
After fabrication of the copper-Kapton-copper structure,
specimens with dimensions of 2 × 3 mm2 were cut from it.
To measure the electrical properties, thin copper wires
were attached by silver paste to the copper contact layers
of the structure. Then we soldered wires to the gold-plated
electrical contacts of a special measuring cell. The cell
with the soldered sample was connected to the cryogenic
plug of the measuring probe, the upper part of which was
connected to the measuring systems using a special
connector. In the study of the I-V characteristics, we used a
Keithley 6430 power supply-current meter and a Keithley
3485 voltmeter [17].
Agilent-type LCR meters were used to measure the
impedance in the frequency range 20 Hz – 2 MHz. To
measure I-V characteristics, the lower part of the probe
with the sample to be measured was placed in a СFHF
cryogenic system (Cryogenics Ltd., England) based on a
closed-cycle refrigerator. The CFHF setup made it possible
to measure the I-V characteristic at direct current and the
frequency dependences of the impedance with an accuracy
of 0.1 % in the temperature range 100 < T < 310 K in an
automated mode. When I-V measuring, the sweep of the
bias voltage V was carried out at a rate of 0.1 V/s.
A diagram of the test station for measuring the
electrical properties of samples was explained in [18] in
detail. To record the parameters of two samples
simultaneously, the test station included two HIOKI 3532
LCR HiTESTER impedance meters with frequencies in the
range of 50 Hz to 5 MHz.
To measure and control temperature the Lakeshore
340 controller was used, which made it possible to
stabilize the temperature with an accuracy of 0.005 K
during the sweep of the bias voltage or the frequency of the
alternating field applied. The temperature of the samples
was measured by LakeShore thermal diodes, which were
calibrated with an accuracy of 0.0005 K and had a
reproducibility of 0.001 K. Due to the high resistance of
the Kapton layer (which exceeded 100 – 120 MΩ at room
temperature) and the limited input resistance of the
Keithley 3485 voltmeter (not above 20 GΩ), the I-V
characteristics and impedance could be measured with an
accuracy of about 10 % only at temperatures above
150 – 200 K. At lower temperatures, the resistance of the

samples reached values of more than 1 GΩ and the results
could not be considered reliable.

3. RESULTS
A comparison of the frequency dependences of the
phase angle θ(f) and the specific total impedance Z(f) for
copper-Kapton-copper samples is shown in Fig. 1. As can
be seen, the θ-values are negative, that confirms the
capacitive type of the equivalent circuit of the studied
structures (see inset in Fig. 1 b). The capacitive behavior of
the studied structures is also evidenced by the decrease in
impedance when frequency increasing in Fig. 1 b. In
addition, it follows from the figure that the shape of the
Z(f) curves fully corresponds to the heterogeneity of the
structure of samples. The Z(f) below 500 Hz reflects the
frequency independence of the impedance of metal
contacts. Linearization of the Z(f) curves in double
logarithmic coordinates at frequencies above 5 kHz
indicates that an AC hopping conduction mechanism is
possible in Kapton films in the form of the well-known
Mott's law Z(f) ~ f -k [25 – 27], realized in disordered
systems on the dielectric side of the metal-insulator
transition. The experimentally obtained value of the
exponent k ≈ 0.96 turned out to be somewhat different
from the classical value 0.8 for the Mott mechanism for
disordered semiconductors. The power-law character of
Z(f) was observed earlier in [19 – 21] not only in PI films,
including Kapton, but also in other polymers. The
capacitive behavior of the studied structures and presence
of hopping contribution to the electron transport in them
indicates that the main contribution to the RC element in
the equivalent circuit in the inset to Fig. 1 b is introduced
precisely by the polymer film, although a certain role of
the metal-insulator interface is not excluded.
The capacitor-like behaviour of the impedance of the
copper-Kapton-copper structure under study allows one to
extract, from impedance measurements, the frequency
behaviour of the Kapton film capacitance, which, as it
turned out, follows the relationship C = 1/(2π ∙ f ∙ Z)
without noticeable error. The indicated dependences С(f)
shown in the inset to Fig. 1 b, made it possible to estimate
the dielectric constant of the Kapton using the relation
ε = Cd/(ε0 · S), where d is the thickness of the polymer film,
S is the area of the capacitor (structure), and εо is the
dielectric constant of vacuum. The evaluation showed that
in the studied samples of the Kapton film the value ε ≈ 3.7,
which is very close to the values given in the reference
work of the DuPont company [1] and other studies [2 – 15].
We also should note that a rapid increase in
capacitance (and, consequently, dielectric constant) with
decreasing frequency (especially below 500 kHz) may
indicate sufficiently high mobility of charge carriers in a
Kapton film. The latter means that at room temperature
mobile carriers can drift over sufficiently large distances,
despite the disorder of their structure, as a result of which
the current paths in Kapton form a continuous percolation
network. The monotonic behaviour of the C(f) curves (the
absence of peaks) indicates that, at least at room
temperature, the studied films lack all kinds of dipole
relaxation.

linearization was achieved on the contrary in the region of
strong bias fields E > (1 – 100) ⋅ 104 V/m, where above
room temperature the Fowler-Nordheim model is
considered valid [15, 16, 23, 26, 27, 30, 31]. This fact, as
well as the physically unreal values of the coefficient
β (<< 1), obtained from the linearization of this type,
meaning that mechanisms of type (1) are not suitable for
describing low-temperature I-V characteristics in the
studied Cu-Kapton-Cu structures.
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Fig. 1. a – dependences of the phase shift angle θ; b – specific
impedance Z on frequency for copper-Kapton-copper
structure. a inset shows the equivalent circuit of the
structure (Cc is the Kapton capacity, RC is the electrical
resistance of the structure). b inset shows the dependence
of capacitance on frequency for copper-Kapton-copper
structure

The experimental transversal I-V characteristics j(E) in
the copper-Kapton-copper structures measured (j is the
current density, E – the bias electric field intensity) are
shown in Fig. 2. To reveal the mechanisms of charge
carrier transport in the studied structure at low
temperatures, the j(E) curves were rearranged in different
scales that corresponded to different models for the
description of I-V characteristics. Quite often in the
literature, to describe the I-V characteristics of polyimides,
the well-known relation

 ϕ − β E 12
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j AT exp  − b
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,

(1)

is used, which describes either trap-enhanced tunnelling
through a polymer layer (Poole-Frenkel mechanism) or
emission of charge carriers from a metallic electrode into a
polymer
(Schottky-Richardson
mechanism)
[15, 16, 23, 26, 7, 30, 31].
Re-plotting the I-V characteristics in the coordinates
Ln (j/АT2) – E1/2 for these models makes it possible to
estimate the values of the barrier height ϕb, overcome by
charge carriers injected from the metal contact into the polymer
layer, and the coefficient β, the value of which makes it possible

to determine which of the two mechanisms most
adequately describes j(E) curves. In accordance with the
model, I-V curves in such coordinates should be linearized
in the region of weak fields (i.e., at the initial portions of
the I-V characteristics), however, in our case, the
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Fig. 2. I-V characteristics of copper-Kapton-copper structure on a
linear scale at temperatures of: 1 – 240 K; 2 – 260 K;
3 – 280 K; 4 – 300 K. Inset: example of I-V characteristics
of the copper-Kapton-copper sample at 300 K in log-scale
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gave linearization in weak rather than strong electric fields
with unphysically low values of the barrier height (below
10-9 eV), which indicates the unfairness of this model too
for the studied structures.
The impossibility to use models Eq. 1 and Eq. 2 for the
description of low-temperature I-V characteristics in the
studied structures is quite understandable, since, according
to the literature data, these mechanisms manifest
themselves only at much higher than room temperature
[15, 21 – 23].
Mott and Gurney [27, 32] proposed the injection
model to describe the I-V characteristics in metaldielectric-metal structures

j ( E , T ) = en (Т ) ⋅ µ (Т ) ⋅ E + εε o µ (T ) ⋅

E2
d ,

(3)

where d is the thickness of dielectric; n and µ are the
concentration and mobility of the thermally excited free
equilibrium charge carriers. This model, called the ideal
Mott-Gurney model, was based on the mechanism of space
charge limited current (SCLC). As follows from the first
term in relation Eq. 3, the initial (low bias field) part of I-V
characteristics is described by Ohm's law [26, 27, 32].
According to [15, 16, 27, 32, 33], in higher fields, there is
a transition from linear to square-like I-V characteristic
law – the second contribution to relation Eq. 3. This
contribution is realized when the concentration of charge

carriers injected from the metallic electrode under the
electric field impact begins to exceed the concentration of
equilibrium free charge carriers generated by thermal
vibrations of the lattice.
As seen from Fig. 3, re-plotting of I-V curves in
double logarithmic scale (in the framework of the ideal
Mott-Gurney model) indeed gives two linear sections with
different slopes. In the region of low bias fields
(E < 2∙104), this slope varied from 0.87 at T = 240 K to
1.27 at T = 300 K, lower is close to 1, in accordance with
the first contribution to the model (3). However, at the
highest electric fields (E > 3∙105), the slope of the straight
line (exponent at E) turned out to be significantly higher
than two, reaching values of the order of 3-4 (see Table 1),
which does not correspond to relation Eq. 3 for the ideal
SCLC model.
In this regard, for fitting of I-V curves based on Eq. 3,
its high-field contribution was replaced by the combined
Mark-Helfrich relation [26, 32]:
 εε o m   2m + 1  E m
J ( E ) = en (Т ) ⋅ µ (Т ) ⋅ E + eµ N C 

 2m
 eN t (m + 1)   m + 1  d ,(4)

where NC is the effective density of delocalized states in
the allowed band; Nt is the concentration of traps in the
“tail” of localized states in the allowed band, respectively,
and the exponent m = Ech/kT depends on the energy width
Ech of “tail” localized states with exponential energy
distribution of traps, occupied by carriers. Eq. 4 is called
the advanced SCLC model.
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Table 1. Fitting parameters of J(E, T) dependences for the
combined Mott-Gurney and Mark-Helfrick model
T,
K
240
260
280
300

m (E > 105
V/m)

2.99
3.20
3.50
4.50

Ech, eV

Nt, m-3

8.30∙10-2
9.41∙10-2
1.09∙10-1
1.42∙10-1

3.75∙1019
3.01∙1019
1.92∙1019
1.09∙1019

µ,
m2/V∙s
2.2∙10-7
2.1∙10-7
8.0∙10-8
1.1∙10-7

n, m-3
3.05∙1014
1.09∙1014
6.17∙1014
6.85∙1014

And although there are no data on these values in the
literature on Kapton for low temperatures, the values
obtained at room temperature agree quite satisfactorily
with the literature data [32 – 34]. In conclusion, it should
be noted that the observed deviations of simulated curves
j(E) from the experimental ones in the region of
intermediate values of the bias electric field (see
Fig. 3 b, c, d) in polymers are usually attributed to the
transition of the I-V characteristics to the regime of the
limiting filling of traps in this range of fields with
increasing temperature [34].

4. CONCLUSIONS
Experimental study and modelling of the I-V
characteristics in copper-Kapton-copper structures in the
temperature range 240 – 300 K were carried out, and their
impedance was measured at room temperature. It is shown
that the dielectric constant of the studied Kapton layer was
3.77, which well coincides with the known literature data.
Experiments have shown that the I-V characteristics of
such structures are satisfactorily described on the basis of
the model of the space charge limited current (SCLC). The
application of the SCLC model allows to estimate the
concentration and mobility of charge carriers, which are (i)
thermally excited from traps with exponential distribution
by energy in Kapton bulk and metal-Kapton interface and
(ii) injected from copper electrodes into Kapton in the
temperature range of 240 – 300 K. In addition, the
concentration and the width of energy of localized states,
arising due to the disorder of the Kapton structure, was
estimated from the I-V curves.
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copper-Kapton-copper structure in linear scale for
temperatures T: a – 240 K; b – 260 K; c – 280 K; d – 300 K
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