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COPPER-ENRICHED NANOSTRUCTURED
CONDUCTIVE THERMOELECTRIC COPPER(I)
IODIDE FILMS OBTAINED BY CHEMICAL
SOLUTION DEPOSITION ON FLEXIBLE SUBSTRATES

The objects of our research are flexible thin-film thermoelectric materials with nanostructured
Cul layers 0.5—1.0 um thick, fabricated by the chemical solution method Successive lonic Layer
Adsorption and Reaction (SILAR) on flexible polyethylene terephthalate and polyimide sub-
strates. These cubic y-Cul films differ from films obtained by other chemical solution methods,
such as spin-coating, sputtering, and inject printing, in their low resistivity due to acceptor
impurities of sulfur and oxygen introduced into Cul from aqueous precursor solutions dur-
ing SILAR deposition. Energy barriers at the boundaries of 18-22 nm Cul nanograins and a
large number of charge carriers inside the nanograins determine the transport properties in the
temperature interval 295-340 K characterized by transitions from semiconductor to metallic
behavior with increasing temperature, which are typical of manostructured degenerate semi-
conductors. Due to the resistivity of about 0.8 m{2-m at 310 K and the Seebeck coefficient
101 pV/K, the thermoelectric power factor of the Cul film 1.0 um thick on the polyimide
substrate is 12.8 uW/(m- K?), which corresponds to modern thin-film p-type thermoelectric
materials. It confirms the suitability of Cul films obtained by the SILAR method for the fab-
rication of promising inexpensive non-toxic flerible thermoelectric materials.

Keywords: copper(I) iodide, thermoelectricity, carrier transport, nanostructure, thin film,
chemical solution process.
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Copper(I) iodide (Cul) is a promising semiconduc-
tor with band gap F, equal to 3.1 eV, which has
been widely used in heterojunction diodes, thermo-
electric (TE) devices, photodetectors, solar cells and
transistors [1-7]. By an appropriate doping, Cul pro-
vides high hole mobility up to 44 cm? V~1's~!, and
p-type conductivity up to 280 S-cm™' with a wide
range of hole concentrations (from 10*¢ to 102° cm—3)
[5]. The excellent electrical characteristics of Cul are
due, firstly, to the electronegativity of iodine of 2.66
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on the Pauling scale, which allows the appearance of
many delocalized holes above the valence band max-
imum [5]. Secondly, the large I~ radius of 220 pm
and the spatially spread three outermost p-orbitals
can achieve sufficient orbital overlap for the fast hole
transport [5]. An advantageous feature is that Cul
consists of abundant non-toxic elements.

The copper(I) iodine films with stable cubic struc-
ture y-Cul can be grown by a variety of physical vapor
and chemical solution methods at near room temper-
atures [2, 5, 7]. To date, the best thermoelectric fig-
ures of merit (Z7T') have been obtained for Cul films
prepared by the solid iodination of copper layers on
glass substrates (ZT = 0.22) [7], an,d for Cul films
deposited on a flexible polyethylene, terephthalate
(PET) substrates by reactive sputtering (Z7T =~ 0.21)
[2]. The above has accelerated the realization of the
flexible thermoelectric devices for body-heat-driven
wearable electronics, as well as for on-chip cooling or
power reversion of miniaturized chips [5].

At the same time, the continuous pursuit of cost-
effective manufacturing is increasingly redirecting the
research efforts to the chemical solution-based coat-
ing approaches, because they do not require expensive
high-vacuum processing chambers. Additionally, the
chemical solution deposition processes has other ad-
vantages, such as large area atmospheric deposition
capabilities, easy operation, and component adjust-
ment [5, 6]. But till now, Cul thin films synthesized
by chemical solution processes such as spin-coating,
spraying, ink-jet printing, and vacuum-assisted fil-
tration of a Cul suspension, contain unwanted im-
purities from the precursor solutions, have insufli-
cient electrical conductivity o [2, 5, 8], and, as a re-
sult, their thermoelectric power factor P = 052 is
small or even negligible (here, S is the Seebeck co-
efficient). Moreover, Cul thin films obtained by spin-
coating, spraying and ink-jet printing require anneal-
ing after growth. This creates obstacles for their semi-
conductor applications, especially for flexible elec-
tronics and thermoelectrics [5]. In contrast, the chem-
ical solution deposition process Successive Ionic Layer
Adsorption and Reaction (SILAR) does not require
annealing after deposition [6, 9, 10], which makes
it possible to obtain conductive thermoelectric cop-
per(I) iodide films on various rigid plates or flexible
plastic substrates.

According to the data of the authors who obtained
effective thermoelectric Cul films by ion-beam sput-
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tering [1], solid-phase iodination [3], and gas-phase
iodination [4] of sputtered Cu metal films, iodine-
enriched Cul films have higher electrical conductivity
and better thermoelectric properties, since they con-
tain many native copper vacancy (V¢,) defects. The
Vecu) has a lower formation energy than other in-
trinsic defects such as I vacancy (V), Cu interstitial
(Cuy), Iinterstitial (I;), Cu antisite (Cuy), and I anti-
site (Icy) [1, 11]. However, due to the inherent volatil-
ity of iodine, the surface layers of iodine-enriched Cul
films are unstable, especially under operating condi-
tions at elevated temperatures in thermoelectric de-
vices [1, 3, 4]. In the copper-rich surface regions of
Cul films, the iodine V; vacancy acts as an electron
donor; in addition, the deficiency of I suppresses the
formation of V¢, reducing the hole density, so that
both of the above factors reduce the conductivity of
Cul [1]. Therefore, these Cul films require additional
post-growth processing. For example, in [1], the vac-
uum annealing was used to stabilize films obtained by
ion-beam sputtering. In [3], thin Cul films obtained
by solid-phase Cu iodination were annealed in argon
at 300 °C and then in synthetic air at 150 °C. In
addition, the authors of [3, 4, 5] found that iodine va-
cancies, which are easily formed during the Cul film
deposition and annealing in the above physical pro-
cesses, can be passivated by controlled incorporation
of acceptor impurities such as group VI elements O
and S. The chalcogen elements O and S are accep-
tors [3, 5, 11], and one hole could be released after
replacing lattice iodine in Cul. According to [5], the
substitution of iodine by these p-type dopants under
copper-rich conditions seems to be a promising ap-
proach that can not only improve thermal stability,
but also increase the hole concentration.

The advantage of chemical solution deposition is
the easy introduction of foreign atoms, which is con-
venient and efficient for doping [5]. In our earlier
works [9, 10], we found that Cul films obtained by the
SILAR method on various substrates are enriched in
copper, but contain sulfur and possible oxygen, which
enter them from aqueous precursor solutions. The
aim of this work is to study the morphology, chemi-
cal composition, crystal structure, and charge trans-
port in nanostructured conducting thermoelectric
copper(I) iodide films obtained by the SILAR method
to create flexible thermoelectric materials. Since the
choice of substrate material in the manufacture of
thin-film thermoelectric devices plays an important
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role in their output thermoelectric parameters [2],
herein, for Cul deposition by the SILAR method, we
used two polymer substrates important for applica-
tion in flexible devices: polyethylene terephthalate
and polyimide (PI) (Kapton®type). Thus, the ob-
jects of our research are flexible thin-film Cul/PET
and Cul/PI samples with nanostructured Cul layers
fabricated by the SILAR method.

2. Experimental

To create Cul/PI and Cul/PET samples, we used
flexible 25 pm thick polyimide (PI, Kapton-HN®))
and 20 pm thick polyethylene terephthalate (PET,
Toray Industries, Inc.) substrates. Two pieces of PI
and PET 2 x 3 cm in size were tightly inserted into
one frame, so that Cul films were deposited from
aqueous solutions by the SILAR method only on
one side of each substrate. All chemicals used were
of high purity and supplied from Sigma Aldrich,
Germany. Solutions were prepared from purchased
reagents without additional purification and used at
room temperature. According to [12], in a solution
of a cationic precursor containing 0.1 M CuSO,4 and
0.1 M NapS203, a complex of copper(I) thiosul-
fate [Cu(S203)|~ was formed. The substrates were
immersed in this cationic precursor for 20 s. Then
the substrates were washed with distilled water for
10 s. After that, they were immersed for 20 s in a
0.05 M Nal solution (anionic precursor) to carry out
the reaction of Cu™ ions strongly adsorbed on the sur-
faces of PI and PET with I~ ions to obtain Cul. The
final stage of one SILAR cycle was rinsing in the dis-
tilled water for 10 s. Such SILAR cycles for Cul de-
position were repeated 40 or 80 times. The thickness
of the Cul films in the Cul/PI and Cul/PET samples
thus obtained, estimated according to 1] gravimetri-
cally using a material density of 5.67 g/cm?, was in
the interval of 0.5-1.0 pm.

The surface morphology of Cul/PI and Cul/PET
thermoelectric materials was observed using scanning
electron microscopy (SEM) in the secondary elec-
tron mode without the use of additional conductive
coatings. The SEM Tescan Vega 3 LMH operated at
an accelerating voltage of 30 kV. Chemical analysis
of thermoelectric materials was carried out by X-
ray fluorescence (XRF) microanalysis using a Bruker
XFlash 5010 with energy dispersive X-ray spectrom-
etry (EDS) system. The energy dispersion spectra
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were taken from areas 50 x 50 pym in size. The quan-
titative evaluation of the spectra was carried out in
the mode of a self-calibrating detector.

X-ray diffraction analysis (XRD) of Cul films in
Cul/PI and Cul/PET samples was performed on a
Shimadzu XRD-6100 diffractometer with monochro-
matized CuK, radiation (A = 1.54060 A) operating
in the Bragg—Brentano (#—26) geometry. Crystalline
phases were identified by comparing the experimen-
tal diffraction patterns with the JCPDS reference
database using PCPDFWIN v.1.30 software. The av-
erage crystallite size D (more precisely, the size of
coherent scattering regions in the direction normal to
the reflecting plane) in the Cul film was estimated by
X-ray line broadening using the Scherer formula [13]:

D = (0.9X)/(8 cosb), (1)

where 0.9 is the Scherer constant; 5 = B — b (B is
observed Full Width at Half Maximum (FWHM), and
b is broadening in the peak due to the instrument)
in radians; 6 denotes the Bragg angle for the X-ray
diffraction peak y-Cul (111).

Microstrains in the crystal lattice were obtained
from the relation ¢ = Ad/d (where d is the inter-
planar spacing of the crystal according to JCPDS,
and Ad is the difference between the corresponding
experimental and reference interplanar spacins). The
dislocation density was estimated in accordance with
[14] as 1/D2.

Resistivity p = o1 of Cul films in Cul/PI and
Cul/PET samples was measured at near-room tem-
peratures in the interval T' 295-340 K in accordance
with [15] using a four-point collinear probe resistivity
method. The resistivity was calculated as follows:

p=(mtdUss)/(I141n(2)), (2)

where Usg is the voltage between the second and third
probes; I14 is the current between the first and fourth
probes; § is a correction factor for the accounting the
ratio of the distance between the probes and the size
of the substrate; 7d/In(2) ~ 4.45.

To evaluate the thermoelectric characteristics of
the obtained Cul/PI and Cul/PET samples at near-
room temperatures, the in-plane Seebeck coefficients
S were measured as thermoelectric voltages U in-
duced in response to temperature gradients AT be-
tween hot and cold gold probes on the Cul surfaces
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Fig. 1. SEM images at two different magnifications of Cul
films deposited by the SILAR method on flexible PI and PET
substrates: Cul/PI sample with Cul thickness ¢ = 1.0 pm (a),
(b); Cul/PET sample with Cul thickness ¢ = 0.9 um (¢), (d)
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Fig. 2. XRD patterns of Cul/PI sample with Cul film 1.0 pym
thick (a) and of Cul/PET sample with Cul film 0.9 pm thick
(b), which were deposited by the SILAR method

in the temperature interval of 295-340 K. The ther-
moelectric power factors P for flexible Cul/PI and
Cul/PET materials were calculated from the above
data as S?/p at 310 K.

118

3. Results and Discussion

Figure 1 shows the morphologies of Cul films pre-
pared on PI and on PET substrates by the SILAR
method. SEM images at low magnification in Fig. 1, a
and c¢ show that the Cul films in both samples are
not smooth, but do not contain pores and com-
pletely cover the surfaces of hydrophobic PI and PET
plastic substrates. Petal-like intertwining submicron-
thickness nanosheets are seen on the surface of both
SILAR-deposited Cul films in the SEM images at
high magnification in Figs. 1, b and d.

The nanoscale structure of these films is confirmed
by the X-ray diffraction patterns shown in Figs. 2. It
is observed that both Cul films have a structure of
the cubic zinc blende type (v-Cul, JCPDS #06-0246),
and the film growth is oriented in the (111) direc-
tion. According to the Scherer formula (1), the av-
erage crystal size of Cul D is 22 nm in the Cul/PI
sample and 18 nm in the Cul/PET sample. Analysis
of the structural parameters of Cul revealed tensile
microstrains € ~ 6 x 1073 in Cul /Pl and ¢ ~ 8§ x 1073
in Cul/PET. The dislocation density in Cul is in the
range (2-4) x101° lines/m?.

Chemical X-ray fluorescence microanalysis of these
Cul/PI and Cul/PET samples in Fig. 3 and the data
of their energy dispersive X-ray spectrometry in Ta-
ble. 1 show that both Cul films are enriched in cop-
per. The Cu/T atomic ratio is 1.17 in the Cul/PI sam-
ple and 1.15 in the Cul/PET sample. Some peaks
of the other elements have also been found in the
XRF spectra, among which a small peak of aluminum
is apparently generated by aluminum attachments
of the vacuum chamber, in which the XRF micro-
analysis was carried out, mainly a table and a sam-
ple holder. Oxygen and carbon in the XRF spectra
can be attributed to HyO, Os, and CO, adsorbed
on the surface of Cul films. Moreover, O and C are
the main elements of PI and PET organic polymeric
substrates. Taking into account the small thicknesses
of the Cul films, the components of the substrates
can quite well be detected by XRF and EDS meth-
ods. In addition, since the films were obtained as a
result of chemical transformations in aqueous solu-
tions, including those involving an oxygen-containing
cationic precursor with the [Cu(S203)]~ complex, it
is quite possible that oxygen can be included in the
Cul crystal lattice. The authors of [3, 5, 11] consider
such mechanisms related to doping with oxygen as
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the passivation of defects due to the elimination of
donor levels in Cul or the replacement of iodine (and
iodine vacancies, taking into account the Cu/I ratio)
by oxygen, which increase p-type doping and, as a
result, enhance the conductivity of Cul. It is impor-
tant that XRF spectra of Cul/PI and Cul/PET sam-
ples contain quite a lot of sulfur atoms. The pres-
ence of sulfur is a distinctive feature of Cul films
obtained by the SILAR method [9, 10|, since the
solution of the cationic precursor contains a chem-
ically unstable thiosulfate ion. According to [4, 5],
the acceptor impurity S can replace iodine and io-
dine vacancies and thereby increase the conductiv-
ity of Cul. Thus, the SILAR method ensures doping
of Cul films with sulfur and, presumably, with oxy-
gen, which provides them with electrical conductiv-
ity, despite the nanoscale morphology and nano-sized
crystals.

The p-type conductivity of the Cul films obtained
by the SILAR method is confirmed by the plots
of thermoelectric voltages U induced in response to
temperature gradients AT along the Cul/PI and
Cul/PET samples in Fig. 4. The values of the See-
beck coefficient, calculated as S = U/AT, are about
100 V/K at the Cul film thickness of 1.0 ym in the
Cul/PI sample and the Cul film thickness of 0.9 pm
in the Cul/PET sample (Table 1). Lower thermoelec-
tric voltages for Cul/PI and Cul/PET samples with
thinner Cul films in Fig. 4 are explained, according
to [16], by parasitic heat flows into the substrates. As
can be seen from Fig. 4, the S values are constant in
the temperature interval 295-340 K.

As can be seen in Fig. 5, the Cul films deposited by
the SILAR method have low resistivity. Their values
of p are the same as in the ion-beam deposited and
vacuum-annealed Cul films in [1], as well as in Cul
films obtained in [3] by the solid iodination method
from a thin-film copper precursor and stabilized by
annealing in argon and in synthetic air. Moreover,
Cul films deposited in this work are approximately
100 times more electrically conductive than Cul films
obtained by the gas-phase iodination of Cu films in
[4], and many other thermoelectric Cul films de-
posited by various physical vapor methods [5]. Mean-
while, in Fig. 5, the Cul/PI samples show lower re-
sistivity than the Cul/PET samples, which, accord-
ing to XRD data, can be explained by larger crystal
grains of the Cul film on the PI substrate. Graphs of
resistivity versus temperature in Fig. 5, a, d show
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Fig. 8. XRF spectra of Cul/PI sample with Cul film 1.0 pum
thick (@) and of Cul/PET sample with Cul film 0.9 pgm thick
(b), which were deposited by the SILAR method

Table 1. Chemical composition
and the Seebeck coefficients of Cul/PI
and Cul/PET samples

Chemical composition, at. %
Sample S, uV/K
Cu I S (0] C Al
Cul/PI 34 29 | 3 8 | 23 3 101
Cul/PET 15 13 1 23 47 1 102

transitions from semiconductor to metallic behav-
ior with increasing the temperature with typical p
minima in all samples. Similar crossovers were ob-
served in [17, 18] for Cul nanocrystalline thin films,
which were deposited by physical vapor and chem-
ical solution methods. Semiconductor properties are
more pronounced in Cul/PET samples in the inter-
val from room temperature to 310 K (Fig. 5, d). The
branches of the resistivity vs. temperature graphs
with dp/dT < 0 are explained, according to [17], by
the nanoscale structure of Cul films. According to [13,
17, 18], a model capable of reproducing the semicon-
ductor behavior of Cul thin films is the fluctuation-
induced tunneling conductivity (FITC) model devel-
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Fig. 4. Thermoelectric voltages induced in response to tem-
perature gradients AT along thermoelectric materials Cul /PI
(a) and Cul/PET (b) with Cul films of different thicknesses ¢
deposited by the SILAR method

Table 2. Transport properties

and thermoelectric power factors of Cul/PI
and Cul/PET samples with Cul films
deposited by the SILAR method

Sampl |, um | Ty, €V | po2, mQ-m/K? | P, uW/(m - K?2)
Cul/PI 0.5 86 0.14 2.3
Cul/PI 1.0 22 0.07 12.3
Cul/PET | 0.5 123 0.13 4.2
Cul/PET | 0.9 72 0.14 5.3

oped by Sheng [19] for a close approach region be-
tween two conductive segments separated by an in-
sulating barrier in a disordered material. According
to the FITC model, due to the chaotic thermal mo-
tion of electrons in the conductive segments, there
may be a temporary excess or deficiency of charges
on the surfaces of the tunnel junction, which leads
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to voltage fluctuations at the junction that changes
the probability of electron tunneling. As was shown
in [13, 17, 18], the FITC model is applicable to degen-
erate thin Cul films, when most conduction electrons
are delocalized and free to move over several atomic
distances inside crystal grains. Along with this, the
FITC model assumes the presence of energy barri-
ers in nanostructured Cul films at the grain bound-
aries between the conductive regions of the grains,
which are overcome by the tunneling process. As a
special case of FITC [17, 18], it was proved in [13]
that the transport of charge carriers in polycrystalline
Cul films occurs through localized states, along the
nearest neighbors, when holes jump over the near-
est neighboring empty sites. The temperature depen-
dence of the resistivity according to the mechanism
is the nearest neighboring hopping, when dp/dT < 0,
has the following form [13]:

p(T) exp(To/T), (3)

where Ty is a characteristic temperature (i.e., Ty is
the hopping energy in Kelvin degree). Thus, for the
branch of the resistivity vs. temperature graph, where
dp/dT < 0, the slope of the linear fitting of In(p)
vs 1/T gives the hopping energy Ty, which is lesser
than the activation energy required for the thermally
activated transition of charge carriers to the valence
band. The hopping energy values calculated from the
graphs in Fig. 5, b, e are given in Table 2. It can be
seen that the energy barriers for transport of charge
carriers by the nearest neighboring hopping are higher
in thin and fine-grained films, for example, in the
Cul/PET sample with Cul thickness of 0.5 pm, which
is consistent with its higher resistivity. The thicker
Cul film in the Cul/PI sample has the T value of
only 22 mV, i.e., the dependence of its conductivity
on the temperature is typical of degenerate semicon-
ductors.

In accordance with [17, 18], the modeling of the
transport properties, when Cul films in the Cul/PI
and Cul/PET samples demonstrate a metallic behav-
ior (for the branch of the resistivity vs. temperature
graph, where dp/dT > 0) leads to an insight into
the properties of the interior of the Cul grains. As
described in [20], when the concentration of charge
carriers, including the concentration of ionized impu-
rities, exceeds the critical concentration of carriers,
the enhancement of the Coulomb interaction leads to
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Fig. 5. Temperature dependences of resistivity p for thermoelectric materials Cul/PI (a, b, ¢) and Cul/PET (d,
e, f) with Cul films of thickness ¢: graphs of resistivity versus temperature T' (a, d); graphs In(p) versus 1000/T (b,

e); graphs of p versus T2 (c, f)

a decrease in the mobility and, consequently, an in-
crease in the resistivity with the temperature, which
is typical of metallic behavior. As can be seen from
Fig. 5, ¢, f, at T above 310 K, when dp/dT > 0, the
resistivity of all Cul films deposited by the SILAR
method obeys a power law, p(T) ~ T?, according to
the model of carrier-carrier scattering and scattering
by ionized impurities for degenerate semiconductors
[17, 18, 20]:

p(T) = po + po2T?, (4)

where pg is a residual offset resistivity at 7' = 0 K,
poz2 is a temperature-independent prefactor. The low
value of pga for the Cul/PI sample with Cul thick-
ness of 1.0 pm in Table 2 shows that its resistivity
weakly depends on the temperature, which, according
to [20], indicates a high concentration of holes. Thus,
the reason for the lower resistivity of this sample is
the larger nanocrystals having more free charges and
the low energy for the charge tunneling through the
grain boundaries.

The values of the thermoelectric power factors in
Table 2 confirm the suitability of copper(I) iodide
films produced by the SILAR method for the man-
ufacture of an inexpensive non-toxic flexible thermo-
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electric material. These P data are similar to those
presented in [3, 21, 22] for numerous p-type thin-
film materials obtained using various techniques, in-
cluding Cul thin films obtained by the solid-phase
Cu iodination annealed in argon and then in syn-
thetic air.

4. Conclusions

Films of copper(I) iodide with a thickness of 0.5—
1.0 pm and a crystal grain size of 18-22 nm were
deposited by the SILAR method on flexible polyethy-
lene terephthalate and polyimide substrates. These
films with a cubic structure of «-Cul differ from films
obtained by other chemical solution methods by low
resistivity due to acceptor impurities of sulfur and
oxygen, which enter them from precursor solutions
during the deposition by the SILAR method. Ener-
gy barriers at the boundaries of Cul nanograins
and a large number of charge carriers inside the
nanograins determine the transport properties at near
room temperatures, with transitions from semicon-
ductor to metallic behavior with increasing the tem-
perature, which is typical of nanostructured degener-
ate semiconductors. Due to the resistivity of about
0.8 mQ2-m at 310 K and the Seebeck coefficient
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S= 101 uV/K, the thermoelectric power factor of
the Cul film 1.0 pgm thick on the polyimide substrate
is 12.3 yW/(m - K?). This corresponds to modern p-
type thin-film thermoelectric materials and confirms
the suitability of Cul films obtained by the SILAR
method for the manufacture of promising inexpensive
non-toxic flexible thermoelectric materials.

The work was supported by the Ministry of FEd-

ucation and Science of Ukraine and within the
MSCA4 Ukraine project funded by the FEuropean
Union.
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Copper-Enriched Nanostructured

H.II. Knouxo, B.P. Konawu,
C.I. ITempywenko, €.M. IIlenomvrko,
C.B. Tyxapos, B.M. Cyxos, A.JI. Xpunyrosa

S3BATAYEHI MIJJJIFO HAHOCTPYKTYPOBAHI
IMMPOBLJIHI TEPMOEJIEKTPUYHI TIJIIBKU NOANTY
MIJI(I), OTPUMAHI HA THYYKUX IIJIKJIAINHKAX
METOAOM XIMIYHOT'O OCAI2KEHHS$ 3 PO3YNHY

O6’eKkTaMy HAIIUX JOCJII?KEHDb € PHYYK]1 TOHKOILJIIBKOBI T€pMO-
eJIEKTPUYHI MaTrepianan 3 HaHOCTPYKTypoBaHuMmu mapamu Cul
ToBuMHOKO 0,5-1,0 MKM, siKi BUTOTOBJIEHO XIMIYHHM OCaJI2KEH-
HAM 3 po3umHiB mMeronom Ilocmimosuol Apcop6buil Ta Peakiiil
Ionnunx IMapis (SILAR) Ha rHYyYKHUX OiIKJIQIUHKAX 3 MOJIE€TH-
senrepedrTangary Ta mosiimimy. Lli maiBku i3 KybiuHOIO CTpY-
KTypoio v-Cul BigpisHaiOTHCA Bif OTpUMAHUX IHITUIME METOLa~
MU XiMI9HOr'O OCa/[?KEHHS 3 PO3YNHIB, TAKUMU SK HEHTPUPyTry-
BaHHsI, IyJIbBEPU3allisi Ta CTPYMEHEBUI JIPYK, CBOIM HU3BKUM
OATOMUM OTIOPOM Yepe3 aKIEIITOPHI JOMIIIKHU CipKU Ta KUCHIO,
sKi BBOJsAThCs B Cul 3 BOJHUX PO3YMHIB IIPEKYPCOPIB i 9ac
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ocajpkennsa SILAR. Emeprernuni 6ap’epu nHa mMexkax HaHO3€-
per Cul posmipom 18-22 HM i BesimKa KiJIbKICTBH HOCIIB 3apsi-
Iy BCepeanHi HAHO3EPEH BU3HATMAIOTH OCOOIMBOCTI TPAHCIIOPTY
HOCIIB 3apsiay B miamas3oni temneparyp 295-340 K, saki xapa-
KTEPU3YIOTbCH IIEPEXOJ[aMU BiJl HAIiBIPOBITHUKOBOI JI0 MeTa-
JI€BOT IIOBEIIHKH 3 ITiIBUILIEHHAM TEMIIEPATYPH, III0 € XapaKTep-
HUM JJIsi HAHOCTPYKTYPOBAHUX BUPOJ>KEHUX HAIIBIIPOBIIHM-
KiB. 3aBasKku nuToMoMy onopy 6smsbko 0,8 MOMm - M mpu 310 K
i koedinienty Seebeka 101 MkB /K, koedinieHT TepMoeseKTpuU-
qnrol nory»kHocTi mwiiBku Cul ToBmmHOo 1,0 MKM Ha mosiimMi-
qmiit makaaauani cranosuts 12,3 MxBr/ (M - K2), 1o Binmosis-
a€ CydJacHUM TOHKOILIIBKOBUM TEPMOEJIEKTPUYHUM MaTepiajiaM
p-tuny. lle migTBepmKye HPUIATHICTH OTPUMAHUX METOJIOM
SILAR nsiBok Cul gy BUTOTOBJIEHHSI TIEPCIIEKTUBHUX HEO0-
POrMX HETOKCUYHMX MHYYKUX TEPMOEJIEKTPUIHUX MaTepiaJis.

Kawwosei caoea: xynpym(I) iloann,
TPaHCIOPT HOCIIB 3aps/ly, HAHOCTPYKTYPa, TOHKA ILIiBKa, IIPO-

1ec XiMiYHOIO OCaKEHHSI 3 PO3YMHIB.

TEepPMOEJIEKTPUKA,
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