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Abstract

The paper presents the results of studies surface microrelief, frequency-temperature characteris-
tics of the imaginary part of the dielectric permittivity and dielectric loss of PE+TlInSe; composite
materials in 25°C - 150°C temperature and 25 Hz - 1 MHz frequency range before and after applica-
tion of the aluminum nano-particles with a size of 50 nm. The change in the amount of semicon-
ductor filler TlInSe2 and aluminum nano-particles changes the state of the surface and the fre-
quency-temperature characteristics of composite materials PE+xvol.%TlInSe.<Al>, which allows
to obtain composites with the desired dielectric permittivity and dielectric loss.
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1. Introduction

Study of the dielectric properties of polymers over a wide temperature and frequency ranges is one of the most
effective ways to establish the characteristics of their structure. However, the “response” of the polymer system
to the action of the electric field of a certain frequency is not equivalent to the “mechanical response”. Therefore,
the method of dielectric loss can be used to identify softening of polymers. The maximum of dielectric loss may
differ quite significantly from the temperature of the structural vitrification, as well as the frequency (at a given
temperature corresponding to the maximum) may be different from the frequency of the mechanical vitrification.
That mismatch of relaxation transitions corresponding to electrical or mechanical effects on the temperature or
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frequency scale provides additional information about the levels of structural organization of the polymers.

Taking the above mentioned into consideration, this article studied the surface microrelief using atomic force
microscope and the temperature and frequency dependences of PE+TIInSe, and PE+TIlInSe, compositions with
aluminum nano-particles.

2. Techniques of Experiment

In scanning, the probe microscope study of surface microrelief and its local properties is carried out with the
help of specially prepared probes in the form of needles. The dimension of the working part of such probes is
about 10 nm. The typical distance between the probe and the sample surface in probe microscopes is equal 0.1 -
10 nm. Operation of the probe microscopes based on different types of interaction of the probe with the surface
[1]. The process of scanning of the surface in scanning probe microscope is similar to the motion of the electron
beam across the screen in the TV cathode-ray tube. Probe moves along the line first in the forward direction and
then in the opposite one, then moves to the next line. The movement of the probe is carried out using a scanner
in small steps under the effect of saw-tooth voltage, generated by digital to analog converters. Registration of the
information about surface is carried out, as a rule, on direct pass under two conditions: in the process of scan-
ning probe must touch points on the surface and in each case only one of its points. And if the scanning probe
cannot reach some areas of the surface (e.g., when the samples have the highest portions of the relief), the relief
only partially is restored. And the greater the number of points touching the probe, the more reliable is possible
to reconstruct the surface.

The test samples were prepared as follows: a polymer powder is mixed with a powder of a semiconductor
material T1inSe2 and aluminum nano-particles. After that, the mixture placed between aluminum foil sheets is
compressed into 100-um-thick films at the melting temperature of the polymer matrix and a press sure of 15
MPa. The prepared samples with the foil are quenched in water, and the foil is removed. The obtained samples
are useful for studying the properties of electrets. Research conducted at the facility described in [2]. Compo-
sites with additives investigated x =0, 1, 3,5, 7, 10 wt% and y = 3; 5; 7; 10 wt%.

To calculate the dielectric permittivity of the sample thickness and diameter of the upper electrode (for deter-
mining an area) is measured automatically using calipers. For this purpose, the sample is placed between two
flat electrodes of circular shape. Capacitance and dielectric loss tangent are measured at the same time [3].

The dielectric permittivity of the compositions is calculated from the measured capacitance values, the thick-
ness of the sample and the area of the electrodes. The dielectric permittivity ¢ is calculated according to the for-
mula

where C—measured electrical capacitance of the sample, F; &, = 8.85 x 10 ** F/m; d—diameter of the sample,
m; S—area of the sample, m?.

Dielectric loss tangent tgo is measured directly. Thus, for each of the selected dielectrics must be measured
capacitance and dielectric loss tangent corresponding to 1 Hz frequency.

The sample is mounted between two electrodes in the measuring cell. Then it is heated in a cell (the heater is
mounted in the cover) with a constant rate of 2 K/min. The sample temperature is recorded using a thermocouple
and the dielectric losses—with the help of the measuring bridge LCK E7-8 heating at a constant rate achieved
by three-LAT-system.

3. Results and Discussion

As a result, we have obtained planar surface image for PE+xvol.%TlInSe, composites of size 16 x 10% x 16 x
10° nm (Figure 1(a) and Figure 1(b)), respectively. From Figure 1(a), Figure 1(b), which shows 3D (three-
dimensional) images of the same sections it is seen that the surface relief (topography) of the compositions va-
ries with the volume amount of the filling nano-particles [4]-[6].

Analysis of AFM images histograms (Figure 2(a) and Figure 2(b)) shows that the uniformity of the surface
varies up to 25 nm. It is seen that in the boundary layer of the compositions yet is observed some rough edges.
Rather, they are connected with the fact that the destruction of the binding forces leaves on the surface not indi-
vidual atoms but their groups-clusters. This is also evidenced from Fourier spectrum obtained by AFM method
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Figure 1. Planar (a) and 3D (b) images of the surface of composites.
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Figure 2. Surface histogram composites.

(Figure 3(a) and Figure 3(b)). The concentration of the spectrum in the center of the image shows that the sur-
face particles have approximately the same dimensions, i.e. are commensurable.

Results of the study of frequency-temperature dependences of the imaginary part of the dielectric permittivity
and dielectric loss tangent of the compositions PE+xvol.%TIInSe, (1 < x < 10) are shown in Figures 4-7.

Figure 4 shows the dependence of the imaginary part of the dielectric permittivity with temperature in the
range of 20°C - 150°C for composites PE+xvol.%TIlInSe, (1 < x < 10).

As follows from Figure 4, the imaginary part of the dielectric permittivity increases with temperature in



E. M. Gojayev et al.

Fourier Spectrum Fourier Spectrum

0.008- 0.008
0.006 0.006
0.004 1 0.004
0.002- 0.002
I £
-0.002 -0.002-
-0.004- -0.004
-0.006 -0.006
-0.008 -0.008-
10.008-0.006-0.0040.002 0 0.002 0.004 0.006 0.008 £0.008-0.006-0.004-0.002 0 0.002 0.004 0.006 0.008
1/nm 1/nm
PE+3vl.%TlInSe, PE+5v0l.%TlInSe,
@)

Fourier Spectrum

0.008 0.008
0.006 0.006
0.004 - 0.004-
0.002 0.002
R ER
-0.002 -0.002
-0.004 - -0.004 &
-0.006 -0.006
-0.008 -0.008
10.008-0.006-0.004-0.002 0 0.002 0.004 0.006 0.008 -0.008-0.006-0.004-0.002 0 0.002 0.004 0.006 0.008
1/nm 1/nm
PE+3vol.%TlInSe,+7vI.%Al PE+5v0l.%TlInSe,+5vI.%Al
(b)

Figure 3. Fourier spectrum of the surface of the composites.

PE+xvol.%TIlInSe, composite materials with an increase in the additive from 1 to 5 vol.%. In general, for inves-
tigated composites the variation £"(T) is not significantly different. However, for the composite PE+5vol.%
TlInSe, at a temperature 600°C a mild maximum is revealed. Dependence ¢"(T) shows that at low additive con-
tent imaginary part of the dielectric permittivity remains substantially constant. And when the amount of addi-
tives in TlInSe, increases up to 5 vol.%, increase in ¢"(T) and the further reduction with increasing of the tem-
perature occurs. Changes in the imaginary part of the dielectric permittivity with temperature for this composite
are substantially different. Firstly, at 25°C, imaginary part of the dielectric permittivity increases by three times.
In 60°C - 100°C temperature range, relatively moderate reduction occurs. Further, from 100°C to 125°C sharp
decrease in the imaginary part of the dielectric constant takes place. In this temperature range, the imaginary part
of the dielectric permittivity reduces by 3.5 times. Subsequently up to 150°C moderate decrease of ¢" occurs.
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Results of the study of the temperature dependence of the dielectric loss tangent of composite materials
PE+xvol.%TIlInSe, (1< x < 10) are shown in Figure 4(b). As can be seen from Figure 4(b), a change of tgé with
temperature for composites with x = 1; 3 in the temperature range investigated does not practically occur. For
PE+5vol.%TIlInSe, composite tgo at low temperatures is relatively high, but with increasing temperature de-
creases to a stable value (0.0076). For the composite with x = 10 in 250°C - 100°C temperature range a slight in-
crease in tgd, in the range of 100°C - 125°C sharp decrease from 0.0373 to 0.0096, and further a slight decrease
occurs.

We investigated the frequency and temperature dependence of composite materials PE+xvol.%TIlInSe,<Al>
with aluminum nano-particles. The results are shown in Figure 5(a) and Figure 5(b).

As can be seen from Figure 5(a), in the investigated temperature range of 250°C - 150°C the imaginary part
of the dielectric permittivity increases with increasing content of additives TlInSe,. But a change in the nature of
overall identical for the three composites, where (x = 3, 5, 7), respectively with the addition of the aluminum
nano-particles in an amount of y = 7; 5; 3.

Similarly occur changes of ¢"(T) for the composite PE+10vol.%TIInSe,+10vl.%Al. However, note that in the
entire temperature range ¢"(T) in magnitude greater than in other composites. In the temperature range of 850°C -
100°C is observed a significant increase, and further moderate decrease in &"(T).

We investigated the frequency dependence of the imaginary part of the dielectric permittivity and dielectric
loss tangent of composites in the frequency range 25 Hz - 1 MHz. As can be seen from Figure 6(a), change of
the imaginary part of the dielectric permittivity against the frequency for composites with x = 3; 5; 10 are of the
same nature. Is typical of all three composites in the range of 100 kHz - 1 MHz relatively high decrease, slow
decrease up to 1 kHz, and then an inversion of the imaginary parts of the permittivity occurs. At 200 Hz a deep
minimum is observed and further an increase of the imaginary part of the permittivity occurs. Nature of the
change of the imaginary part of the dielectric permittivity of the composite with the addition of x = 1 vol.% be-
fore detecting an inversion has identical character. However, at frequencies of 500 Hz, 100 Hz deep minima, and
between them at 200 Hz pronounced peak is observed.

The dielectric loss tangent for the above mentioned composites with the addition of TlInSe, have been inves-
tigated.

As can be seen from Figure 6(b), a plot tgd(v) is identical with the character of &"(v). For composites with x =
3; 5; 10 is revealed a single deep minimum at a frequency of 200 Hz and a sign inversion of tgé at the frequency
of 1 kHz; for the composite with x = 1 also a sign inversion for tgo at the same frequency, deep minima at fre-
quencies of 100 and 500 Hz and clear maximum at a frequency of 200 Hz is detected.

Results of the study of the imaginary part of the dielectric permittivity and dielectric loss of composites
PE+xvol.%TIlInSe,<Al> with aluminum nano-particles are shown in Figure 7(a) and Figure 7(b).
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Figure 4. Temperature dependence of the imaginary part of dielectric permittivity (a) and tgd (b) composite materials
PE+xvol.%TlInSe,, where 1) PE+1vol.%TIlInSe,, 2) PE+3vol.%TlInSe,, 3) PE+5vol.%TlInSe,, 4) PE+10vol.%TIlInSe,.
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Figure 5. Temperature dependence of the imaginary part of dielectric permittivity (a) and tgd (b) composite materials

PE+xvol.%TlInSe,<Al>, where 1) PE+3vol.%TIInSe,+7vl.%Al, 2) PE+5vol.%TIlInSe,+5vl.%Al, 3) PE+7vol.%TlInSe,+
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Figure 6. The frequency dependence of the imaginary part of dielectric permittivity (a) and tgd (b) for composite materials
PE+xvol.%TlInSe,, where 1) PE+1vol.%TIlInSe,, 2) PE+10vol.%TIlInSe,, 3) PE+5vol.%TIInSe,, 4) PE+3vol.%TIlInSe,.
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Figure 7. Frequency dependence of the imaginary part of dielectric permittivity (a) and tgd (b) composite materials
PE+xvol.%TlInSe,<Al>, where 1) PE+5vol.%TlInSe,+5%Al, 2) PE+3vol.%TIInSe,+7%Al, 3) PE+7vol.%TIInSe,+3%Al,

4) PE+10vol.%TlInSe,10%Al.
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As can be seen from Figure 7(a), for these composite materials at high frequencies there is a slight change in
&". Inversion of the sign occurs at a frequency of 1 kHz, a deep minimum at a frequency of 500 Hz and a pro-
nounced maximum at a frequency of 200 Hz.

Figure 7(b) shows the results of a study of dielectric loss of composites with aluminum nano-particles de-
pending on the frequency. Studies were carried out in the same frequency range. The results shown in Figure
7(b) imply that at the frequency of 800 Hz inversion of tgd sign and at a frequency of 500 Hz deep minima, and
at 200 Hz bright maximum is observed.

In general, the change in the imaginary part of the dielectric permittivity and dielectric loss frequency change
occurs in a similar manner.

In a further increase in TlInSe, filler content to 10 vol% in the range 25°C - 100°C ¢" value increases for 6
times. In the range 100°C - 125°C &" decreases approximately four times and thereafter remains unchanged. For
the investigated composites regular increase of ¢" with increasing filler content is observed.

Also the frequency dependence of ¢" has been investigated. The studies were conducted in the frequency
range of 25 Hz - 1 MHz. Results of the study are shown in Figure 4.

As follows from figure, character of changes for &" depending on the frequency is the same for compositions
with x = 3; 5 and 10. With an increase in frequency from 25 Hz to 200 Hz is revealed the deep minima, in the
range of 200 Hz - 1 kHz sharp increase &". Further increase in frequency up to 1 MHz leads to increase in &". £"(v)
for PE+1vol.% composite significantly different. At frequencies of 100 Hz and 500 Hz are observed deep mini-
ma, and between them at a frequency of 200 Hz bright maximum. In the frequency range of 500 Hz - 1 MHz
character of change of ¢" is not different from other composites.

Analysis of the experimental results of the temperature dependence of dielectric permittivity of PE+xvol.%
TlInSe, and PE+xvol.%TlInSe,<Al> composites shows that in general, variation ¢"(t) in these materials are
same. However, with increasing amounts of filler (Figure 4(a)) increasing &" values is observed. This behavior
of the dielectric permittivity of the composite with semiconductor filler is largely determined by the Maxwell-
Wagner polarization. The surface energy of the composite structure components becomes unstable and TlInSe,
particles form clusters, the surface of which is less than the sum of the surface of their constituent particles. In-
creasing the number of clusters with increasing bulk filler content is accompanied by decrease in the dielectric
layer between the particles. It leads to increase in electric capacity and accordingly &". In the composites ob-
tained with the addition of aluminum nano-particles with size of 50 nm, the character of the dielectric permittiv-
ity variation does not change. However, with increasing of Al content in the composite the value of ¢" decreases
throughout the temperature range studied. This is probably due to the fact that the aluminum nano-particles oc-
cupy vacancies-defects on the surface of the composites. This promotes the change in the electric resistance and
the imaginary part of the dielectric permittivity. Using aluminum nano-particles allows obtaining composites
having the desired dielectric permittivity and dielectric loss. Analysis of the frequency dependence of the dielec-
tric permittivity and dielectric loss of PE+xvol.%TIlInSe, composites and the same composite with aluminum
nano-particles show that ¢" and tgo significantly reduced. At introduction in the composites aluminum na-
no-particles isolated clusters is formed alongside with the semiconductor particles. Aluminum nano-particles—
conductive clusters randomly distributed in the PE matrix. Increasing Al content in the composite leads to an in-
crease in the number of nano-particles per cross section of the composite, which is equivalent to the proportion
of Al in the total thickness of the composite—sample. Closed each other through-thickness sample clusters can
be considered as active resistance connected between the electrodes. Since they have high compared with PE+
xvol.%TIlInSe, composites conductivity, it can be assumed that the resistance of the composite will be mainly
determined by contacts between Al nano-particles. At the boundaries of clusters in the alternating electric field
an accumulation and redistribution of free charges occurs, which changes the initial internal electric field. It is
known that at low frequencies, internal electric fields are distributed accordingly conductivity and high frequen-
cies—respectively the dielectric permittivity. Therefore, the decrease ¢" and tgd with increasing content of alu-
minum nano-particles can be explained by the appearance of a relatively strong internal field in semiconductors
and nano-clusters.

4. Conclusion

In conclusion, we study the materials at high frequencies and reveal that, the imaginary part of the permittivity is
negative. In these frequencies, electronic and ionic polarization is in the main role. These materials have found
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application in the creation of new electronic devices.
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