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In the present paper we report results concerning the influence of Swift Heavy lons (SHI) irradiation on the
mechanisms of electron transport in 22 pum thick polyimide (PI) films. The PI films were subjected to SHI irradia-
tion with fluences 1x108 ions/cm?. The following etching of latent tracks with the 13% NaOCI solution resulted in
the formation porous PI membranes (PPI). It is shown that the formation of carboxyl (COOH) moieties on the inter-
nal surfaces of the formed pores results in creation of highly-conductive layers along the pores. Experimental and
modelling studies of transversal | — V characteristics in Cu/P1/Cu and Cu/PPI1/Cu structures in the temperature range
240 - 300 K have shown that the low-temperature carrier transport is due to the formation of space charge limited
current and described by the improved Mott-Gurney law developed in Mark-Helfrich model.
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Introduction

Polyimides (PI) of the Kapton type are
among the most frequently used modern pol-
ymer materials. Pls have high thermal stabil-
ity, good mechanical, electric and dielectric
characteristics, as well as compatibility with
the human body. Therefore, they attract con-
siderable attention for use in various applied
fields (in biomedicine [1], electronics and
electrical engineering [2-6], etc.). In addition,
Pl films have a good ability to planarize the
surface, low values of mechanical stresses
and high fields of electrical breakdown [6],
which creates prospects for the use porous Pl
membranes (PPI) as substrates for flexible
electronics. including in the form of with ar-
tificially formed vertical channels (pores)
formed by etching latent tracks arising from
irradiation with Swift Heavy lons (SHI) [7].

The aim of this work is to study in detail
the mechanisms of electron transport in Cu/
PI/Cu (Fig. 1a, ¢) and Cu/PPI/Cu (Fig. 1b, d)

structures.

Experimental techniques

The paper compares the dependences of
the current density j on the electric field E in
the pristine PI film and porous Pl membranes
(PPI) in the temperature range 240-300 K at
E < 5-10° V/m. An average diameter of pores
was about 1 pum. The electric field was ap-
plied perpendicular to the surface of the
structure and directed along pores. In addi-
tion, to determine the dielectric constant in
Cu/PI/Cuand Cu/PPI/ Cu structures, the
low-frequency dependences of the imped-
ance were measured at 300 K.

The membranes were made from PI film
of Kapton-H type (DuPont, USA) in two
stages: (a) irradiation with SHI of PI foil and
(b) its subsequent chemical etching. PI films
were irradiated by Xe ions with an energy of
1 MeV/nucleon and a fluence of (2-4)-108
ion/cm? using the U-300 cyclotron in the
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Flerov Laboratory of Nuclear Reactions
(JINR, Dubna) [7].

At the second stage of membrane for-
mation, chemical etching of PI film in a 13%
solution of sodium hypochlorite (NaOCI) 40—
55 °C was used [8, 9]. At this stage, in the
irradiated Kapton 22 pm thick film, the latent
tracks were removed transforming into
hollow channels. After the manufacture of
the porous membrane, copper layers with a
thickness of d = 80 nm were deposited on
both sides of it. As follows from optical
microscopy (Fig. 1c, d), the density of pores
was about 15.5%, and their average diameter
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Fig. 1. Schematic cross-sectional view (a, b) and opti-
cal micrographs (c, d) of the studied samples of Cu /
Pl /Cu (a, c) and Cu /PPl /Cu (b, d) structures

was about 1.0 um. As seen from Fig. Ic and
1d, the pores were retained on the copper
electrodes.

The impedance and transversal current-
voltage (I-V) characteristics were measured
on samples 2x3 mm? in size. When measur-
ing the dielectric constant in the frequency
range 1-1000 kHz, an Agilent LCR meter
was used. To measure the j(E) dependences
and the impedance of the Pl and PPI, copper
wires 0.1 mm in diameter were attached to
the electrical copper contacts on both their
sides with silver paste (Fig. 1a, b). Then the
wires were soldered with indium to the gold-
plated electrical contacts of a special measur-
ing cell. The cell with the sample was con-
nected either to an impedance meter or in-
serted into a special measuring probe, which

was placed in a cryostat Cryogenics Ltd
(London) based on a closed-cycle refrigerator
and connected to the measuring circuit. De-
tails of these experiments were described ear-
lier in [10].

Results & Discussion

The experimental dependences j(E) for the
Cu /Pl /Cu and Cu/ PPI / Cu structures are
shown in Fig. 2. To understand the mecha-
nisms of charge carrier transport in the sam-
ples under study at different temperatures,
the j(E) curves were plotted on different
scales, corresponding to different models of
electrical transport. These j(E) rearrange-
ments were preliminary checked for models
describing the mechanisms of trap-enhanced
tunneling through the PI layer (Poole-Frenkel
model) or emission of charge carriers from a
metal electrode into a polymer (Schottky-
Richardson model) [5, 8, 11-19]. Such rear-
rangements did not give a physically substan-
tiated result for these models, since, accord-
ing to the literature data, these models in pol
yimides are valid only at temperatures much
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Fig. 2. Experimental (points) and calculated (solid
lines) dependences of the current density J on the field
strength E in linear coordinates for samples of the
initial PI film (a) and porous membrane (b) at temper-
atures T, K: 1 -240, 2-260, 3-280, 4-300. The inset
shows J(E) dependences in a logarithmic scale

14-51 Mescoynapoonas xongpepenyus «Bzaumooeticmsue uznyuenutl ¢ meepovim menomy, 21-24 cenmaopsa 2021 2., Munck, berapyco
14th International Conference “Interaction of Radiation with Solids”, September 21-24, 2021, Minsk, Belarus

243



Cexyus 3. Moougpuxayus ceoticme mamepuaniog
Section 3. Modification of material properties

higher than room temperature [5, 13-15].

The logarithmic rearrangement of the Ex-
perimental curves Lg (j) - Lg (E) for the stud-
ied structures gave two linear sections with
different slopes (see insets to Figure 2). It
turned out that the slope of linear sections in
the region of weak fields E < 2:10% is close to
1 in accordance with the Mott-Gurney model
for the space charge limited current (SCLC)
[17, 20]. In higher fields, according to this
model, there should be a transition from the
linear law j(E) to the quadratic one. This
transition occurs when the concentration of
charge carriers injected from the metal elec-
trode under the action of an electric field be-
gins to exceed the concentration of equilibri-
um free charge carriers generated by thermal
vibrations of the lattice. However, according
to our experiments, the high-field contribu-
tion to the j(E) really has a power-law char-
acter j(E) ~ E™, where m is much higher than
2. This can be described by the Mark-
Helfrich SCLC model [16, 20]:

J(E)=en(T)-u(T)-E+
2m+1}
m+1

E". (D)

d2m

gg,m [
eN,(m+1)

In model (1), localized states with a densi-
ty Nt are characterized by an exponential ra-
ther than a Gaussian energy distribution of
electron traps. In this model, the exponent m
determines the energy width Ew =2mKkT of the
“tail” of localized states, which can be seen
in the inset to Fig. 3a (k is the Boltzmann
constant). In this case, the occupied states
(below the Fermi level) are negative, while
the empty ones (above the Fermi level) are
neutral. The values of concentration n and
mobility u of free carriers obtained by fitting
the dependences j(E, T) according to model
(1) are shown in Fig. 3. According to the
simulation results, the values of other fitting
parameters are in the ranges 2 < m < 4.5, 56
< En < 140 meV and 3.4-10%° < N; < 1.3-10%
M—3

+e;zNC|:

The above estimates of the fitting parame-
ters (including those presented in Fig. 3) do
not contradict the Mark-Helfrick model (1)
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Fig. 3. Experimental (points) and approximated (solid
lines) temperature dependences of the concentrations
of free charge carriers n in Arrhenius coordinates (a),
as well as their mobilities p (b) on a logarithmic scale
for the investigated Cu/PI/ Cu (1) and Cu/PPI/Cu (2)

structures

180 300

and for all studied structures in the tempera-
ture range of 240-300 K as a whole lead to a
satisfactory agreement between the calculat-
ed and experimental curves j(E) both in the
region of weak fields (ohmic contribution)
and in strong fields (power-law contribution
to relation (1) with exponent m > 2). In ad-
dition, we note that in the range of room
temperatures for the initial Cu/P1/Cu struc-
ture, they are quite consistent with the known
literature data for Kapton [2-5, 20-24]. Nev-
ertheless, attention is drawn to a number of
significant differences in the behavior of j(E,
T) curves (and conductivity) and, according-
ly, fitting parameters in different types of the
studied structures.

The first feature follows from a compari-
son of the experimental curves j(E) in Fig. 2.
It can be seen that the etching of pores in Pl
film leads to a sharp (by about 3-4 orders of
magnitude) increase in the transverse current
density, i.e. an increase in the conductivity of
the membrane in comparison with the initial
PI film. However, it turns out that in porous
membranes j(E) curves themselves begin to
depend on temperature much weaker (Fig.
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3b) than was observed in the initial Cu/P1/Cu
structure (Fig. 3a). This behavior correlates
with the detected increased (by 3-4 orders of
magnitude) concentration of electrons in po-
rous membranes in comparison with the ini-
tial (unirradiated and unetched) PI film. We
attribute this fact to the formation of carboxyl
groups (COOH) on the pore walls during
etching of PI films with sodium hypochlorite
NaClO after SHI irradiation [25]. A small
drop in the mobility of charge carriers ob-
served in Fig. 3b for the porous membrane is
apparently due to their additional scattering
due to an increase in the concentration of
carboxyl traps (see the sharp narrow peak of
the density of states in the inset in Fig. 3a).

As a second feature, we note the largest
observed deviations of the model j(E) de-
pendences from the experimental ones in the
range of intermediate values of the electric
fields in the samples under study. This is
clearly seen in the inset to Fig. 2a, where
room temperature j(E) curves are shown in a
logarithmic scale. In the literature, this fact is
most often associated with the transition to
the regime of the so-called limiting filling of
traps in this range of electric field and tem-
perature [26].

Basing on j(E) dependences, we have es-
timated numerically the thick of a highly
conductive layer (its other characteristic as
well) that appears at the internal surfaces of
pores as a result of latent tracks etching.
These estimates are made on the assumption
that this highly conductive layer consists of
carboxyl groups (COOH), which create addi-
tional trapping states, along which can drift
additional electrons injected by copper elec-
trodes into the polyimide film.

According to the literature [27], the car-
boxyl groups COOH are practically flat and
look like a trapezoid. The estimation of the
thickness of the carboxyl groups layer on the
internal surface of pores has gavev a value of
0.42 nm, which is close to the diameter of the
atoms included in the COOH. The estimated
packing density of carboxyl groups on the
inner surfaces of the pores allowed to calcu-
late the number of additional surface states

along the carboxyl groups layer. Taking into
account the known shape and size of each
carboxyl group, this calculation gave the
number of states per pore of the order of
7.5-108 m2. Hence it follows that the bulk
concentration of excess injected electrons
that should drift through the highly conduc-
tive layer under impact of applied electric
bias field for all pores is about of 1-10%° m™3,

Resume

In the present paper we have studied the
influence of SHI irradiation on the mecha-
nisms of electron transport polyimide films.
We observed the formation of highly-
conductive layers along the pores in PI films
after their subjection by SHI irradiation with
fluences 1x108 ions/cm? and following etch-
ing of latent tracks with the 13% NaOCI so-
lution. It is shown that the formed layer is
due to creation of carboxyl (COOH) moieties
in the internal surface of pores. Experimental
and modelling studies of transversal | — V
characteristics in Cu/PI/Cu and Cu/PPI/Cu
structures in the temperature range 240 - 300
K have shown that the low-temperature car-
rier transport is mainly due to space charge
limited currents describing by the Mark-
Helfrich model.
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