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Abstract: The compression isotherm and potential jump methods were used to study Langmuir monolayers formed from
individual solutions of carbon nanotubes (CNTs) and their mixtures with arachidic acid (AA) in various ratios.
The optimal amount of CNT solution (200 pL) for forming a Langmuir layer was empirically found. When transferred to a
solid substrate, the layer has an average conductivity of about 4310 S-sqfl. It was also found that when applying the
second and subsequent layers, the film conductivity increases by more than 6 orders of magnitude (up to 5.08-10 S~sq71).
In the study of mixtures of carbon nanotube solutions (without amphiphilic properties) and arachidic acid (a typical
representative of a surfactant), an optimal ratio of the volumes of the prepared solutions was found (CNT : AA — 80 : 20),
at which it is possible to control the degree of compression of the carbon nanotube layer on the surface of the aqueous
subphase. It was shown that the introduction of AA molecules into the composition of CNTs allows an additional increase
in the films conductivity by more than two orders of magnitude (up to 1.18-10° Sosqfl), compared to films of individual
CNTs. The studied films can be used as a platform for the creation of various devices for micro- and nanoelectronics,
optoelectronics, photovoltaics and flexible electronics.
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AHHOTanus: MeToaoM HM30TEpM CKaTHsl U METOJOM CKauka MOTEHLUala HCCIEJOBAHBl JIEHTMIOPOBCKHE MOHOCIOH,
c(OopMUPOBaHHBIE HA OCHOBE MHIMBHIYAIBHBIX PAacTBOPOB yriaepoaHslx HaHoTpyOok (YHT) m ux cmeceit ¢ apaxuHoBOH
kuciaotod (AK) B pa3nuyHBIX COOTHONICHUSX. OMIOUPHUYECKH HAWIEHO ONTHMAallbHOE KoindecTBO pactBopa YHT
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(200 mkx) st HOPMUPOBAHUSI JIGHTMIOPOBCKOTO CJIOSI, KOTOPBIN TPH MEPEHOCE HA TBEP/YIO MOJIOKKY UMEET CPEAHIOI0
—12
npoBoauMocTh okoo 4.3-107° Cm/kB. OOHapyKeHO TakXkKe, 4TO MPU HAHECEHHMH BTOPOr0 M IOCIEAYIOIIUX CIIOEB

MIPOBOAMMOCTD IUICHKH yBeNIW4MBaeTcsi Oojee uyem Ha 6 IMopsIkoB (10 5,08~10_6 Cwm/xB). Ilpu nccnenoBanun cMecei
pPacTBOpOB YTICPOTHBIX HAHOTPYOOK (HE MMeErommMX aM(U(QWIEHBIX CBOWCTB) W apaxXWHOBOW KHCIOTHI (THIIMYHOTO
MIPEACTaBUTENS TOBEPXHOCTHO-aKTUBHOTO BEIIECTBA) HAMIEHO ONTHMAIBHOE COOTHOLICHHE O0OBEMOB IPHTOTOBIEHHBIX
pactBopoB (YHT : AK — 80 : 20), mpu KOTOpOM BO3MOKEH KOHTPOJIb CTEIICHH CXKATHSI CJIOS YTICPOTHBIX HAHOTPYOOK Ha
noBepxHocTH kuakocTH. IlokazaHo, uro BBenenue B coctaB YHT monexyn AK mo3BossieT IOMOIHUTEIBHO HOBBICHTH
MIPOBOAMMOCTD IICHKU OoJjiee YyeM Ha JiBa nopsaka (1o 1,l8~1073 CM/KB), TI0 CPaBHEHUIO C IUIEHKAMH MHAWBUIYaJIbHBIX
VHT. UccnenoBaHHbIE TUICHKH MOTYT OBITH HCIIOJIB30BAaHBI B KauecTBE IIAT(OPMBI JJIsl CO3AaHMsI Pa3IndHbIX YCTPOHCTB
MHKPO- ¥ HAHO3JIEKTPOHUKH, ONITOAICKTPOHUKH, ()OTOBOIBTANKH, & TAK)KE THOKON 37IEKTPOHUKH.

KatoueBsie cioBa: meron Jlenrmiopa-briomkert; yrieponHple HAHOTPYOKH; JICHTMIOPOBCKHE MOHOCIOM; apaxHHOBAs
KHCJIOTA; TOBEPXHOCTHOE HATSKEHNUE; TPOBOANMOCTD TOHKHX IIJICHOK.
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1. Introduction

Carbon nanotubes (CNTs) are interesting to
experts in many scientific and applied fields,
primarily due to their conductive properties [1].
For many years, they have been the focus of attention
of developers of micro- and nanoelectronics devices
(including flexible electronics), electrical energy
storage devices, photovoltaic devices, etc. [2—4].

In the development of solar cells, ultra-high-
capacity devices, photodiodes [5], photoconductors
[6], bolometers [7] and other electronic devices, an
important issue is obtaining a thin conductive
coating. Carbon nanotubes are one of the materials
that are well suited for solving this problem [8].
Thus, counter electrodes (CE) are made on the basis
of CNTs in modern photovoltaic devices.
The photoelectric characteristics, long-term stability
of operation, and the cost of these devices depend
significantly on their efficiency [9]. For this reason,
the search for new materials and the development of
optimal and inexpensive technological solutions
remain relevant. Many methods are used to obtain film
CE based on CNTs: vacuum deposition, chemical
deposition from a solution, spin coating, etc.

Nanotubes can be divided into single-walled and
multi-walled CNTs (SWCNTs and MWCNTs,
respectively) according to their structural features.
According to their electrical properties, semiconductor
(s-SWCNTs) and metallic (m-SWCNTs) CNTs are
distinguished among SWCNTs. At the same time,
metallic properties are most typical for MWCNTs
[10, 11]. MWCNTs have a fairly high work function
of 4.8-5 eV, and electrical conductivity can reach
values of the order of 10° S\m ' [12].

In [13], a composite material based on
MWCNTs with platinum nanoparticles on their

surface for CE was proposed to increase the
electrochemical activity and efficiency of the solar
cell. The material was applied using the spin-coating
method. The use of a fairly expensive initial
component (platinum nanoparticles) and the
application method (spin-coating) casts doubt on the
prospects for mass production of such cells.

One of the simplest methods of film deposition
in technical implementation is the Langmuir-Blodgett
Technique (LB) [14]. To form a monomolecular
Langmuir layer on the surface of water, a necessary
condition is the presence of amphiphilic properties in
the molecules that make up this layer [15, 16], such
as in the molecules of fatty acids and their salts
[17, 18], phospholipids [19, 20], liquid crystals
[21-23], etc.

In addition to amphiphilicity, an important factor
in the formation of a dense ordered Langmuir layer is
the steric factor. In the case of the formation of a
monolayer of large molecules with a complex
structure, simpler molecules are often added to them,
which not only fill the voids, but also increase the
mechanical strength and stability of the layer [23, 24].

There are many studies on the formation of CNT
films using the LB method. The works [25-28]
describe that despite the fact that the authors were
able to obtain ultra-thin films with high
electrocatalytic capabilities, the conditions they chose
for applying the films did not allow achieving high
continuity and homogeneity of the coating: the
resulting films exhibited a mesh structure and
relatively large helicoidal CNT clusters in the layer
composition. In this regard, the goal of this work was
to develop a technology for obtaining CNT films with
high conductivity and homogeneity.
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2. Materials and Methods
2.1. Materials and solutions

Multilayer CNTs (CTI Materials, USA) were
used to form CE films [29]. CNT characteristics:
content of the main substance > 95 wt. %; diameter
~30-50 nm; length ~1-50 pm; ash content
<1.5 wt. %. Arachidic acid (AA) (Fluka) with
a content of the main component > 99% was used as
an amphiphilic matrix.

To prepare the solutions, we used standard grade
chloroform (Component-Reactive, Russia) with a
main substance content of >99.9 %. The same
chloroform was used for the preliminary treatment of
the substrates and the working area of the Langmuir
bath. To form floating layers based on CNTs, two
basic working solutions were prepared: individual
CNTs in chloroform with a concentration of
C=12x10" g-mL_1 and individual arachidic acid
(AA) in chloroform with a concentration of
C=0.5%x10" M.

Based on these solutions, mixtures of CNT and
AA solutions were prepared with the following
volume ratios of basic solutions Vent: Vaa— 100 : 0,
95:5, 90:10, 80:20, 70:30, 50:50, 30:70,
10:90, 0 : 100.

2.2. Preparation of working solution

The basic CNT solution was prepared in two
stages. First, a 0.12 g sample of CNT was dissolved
in 10 mL of chloroform. The suspension was
homogenized using a Hielscher Ultrasonics UP200Ht
probe-type ultrasonic homogenizer (Hielscher,
Germany, maximum power — 200 W, operating
frequency — 26 kHz) at a power of 140 W for
15 min. To reduce chloroform evaporation, the neck
of the vial in which the solution was prepared was
covered with a polyethylene membrane, it was
pierced, and the homogenizer probe was inserted
through the pierce. The resulting homogenized CNT
suspension was diluted tenfold by adding 9 volumes
of chloroform to 1 volume of the suspension. After
dilution, the homogenization procedure was repeated,
as indicated above. As a result, a homogeneous
base solution with a CNT concentration of
C=12x10" g-mL71 was prepared.

Homogenization was not required to prepare the
basic working solution of the native AA. Arachidic
acid dissolves well enough in chloroform to form
a true solution.

Based on the obtained solutions, immediately
before the monolayer studies, solutions of a mixture

of CNTs and AA were prepared using the following
volume ratios of the basic solutions Vent: Vaa—
100:0, 95:5, 90:10, 80:20, 70:30, 50:50,
30:70, 10:90, 0:100. Before mixing, the basic
solutions were additionally treated in a Sapphire
ultrasonic bath (Russia, maximum power — 200 W)
at a power of 140 W. After mixing, the vial with the
finished mixture was also treated in an ultrasonic bath
for 30 min.

The procedure of ultrasonic treatment of
solutions in the Sapphire ultrasonic bath was also
carried out during the preparation of mixtures of
CNTs with AA and before each introduction of the
solution onto the water surface.

2.3. Methods for the formation of Langmuir layers
on the surface of water and films on solid substrates

The formation and transfer of Langmuir layers
was carried out using a KSV NIMA 2002 KN LB
bath (Biolin Scientific, Finland), a medium-sized bath
with a compression ratio of about 1:9.

Distilled water was used as the liquid phase.
The water temperature in all experiments was 24 °C
and was controlled with an accuracy of 0.2 °C.

To form a Langmuir layer on the water surface,
the studied solutions were added dropwise using a
chromatographic microsyringe (USA, Hamilton Co.).
After instillation, 7 min were allowed for complete
evaporation of the solvent, and then the compression
of the Langmuir layer began. The amount of solution
added to the water surface was preliminarily
calculated so that after the evaporation of the solvent
before the start of compression, some free space
remained between the molecules, and they did not
interact with each other, i.e., the so-called true
monolayer (TM) was formed.

Surface tension (pressure) m was measured by
the Wilhelmy plate weighing method. The wvalue
of m was controlled by an electronic Wilhelmy
balance with an accuracy of 0.03 mN-m .

The Langmuir layer was compressed
symmetrically by moving barriers; the speed of
movement of the barriers during compression was
constant and amounted to 25 mm-min_".

To obtain additional information on the
processes of changing the orientation of molecules in
the layer, the surface potential jump method was
used — the dependence of the change in the surface
potential SPot on the area (S) occupied by the
Langmuir layer, or on the area per molecule (4).
SPot was measured by a KSV NIMA SPOT surface
potential sensor with an accuracy of 1 mV.
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Fig. 1. Layout of the contact group on glass substrates

The transfer of layers from the water surface to
the surfaces of solid substrates was carried out using
the Langmuir-Schaeffer (LS) method — a variant of
application when the substrate is oriented
horizontally at the moment of contact with the
Langmuir layer.

For the amphiphilic substance — arachidic acid,
the Langmuir layer was transferred to a state of dense
packing of molecules, i.e. at a surface pressure of
=20 mN-m .

Glass plates with a conductive indium-tin oxide
(ITO) film with a thickness of 120-160 nm and a
specific surface resistance of 9—15 Ohm per square,
manufactured by Luminescence Technology Corp.
(Lumtec), Taiwan, were used as substrates. The size
of the glass substrates was 15 x 5 mm?. In the central
part of the substrate, ITO was etched to obtain an area
with a clean square glass surface (see the diagram
in Fig. 1).

The presence of lateral contacts to the central
region makes it possible to directly measure the value
of the specific surface resistance of the studied
Langmuir layers of CNTs applied to the central
region.

2.4. Analytical methods

The surface morphology and film thickness on
solid substrates were studied by scanning electron
microscopy. For this purpose, we used a field
emission scanning (raster) electron microscope FEI
Inspect F50 (Spain), equipped with a Schottky source
with field emission at a resolution of 0.8 nm in high
vacuum mode at 30 kV, in combination with
optimized geometry of the working chamber and
a four-axis motorized eucentric sample tilt stage.
We also used a field emission scanning electron
microscope Mira II LMU (TESCAN, Czech
Republic), equipped with an integrated elemental
composition  determination  system  AztecLive
Advanced Ultim Max 40 and Inca Wave 500.

To study the conductive properties of the
obtained  films using the  current-voltage
characteristics (/—V) method, a stand for measuring
electrophysical characteristics was used, consisting of

an Agilent (Keysight) B1500A parameter analyzer
and a PM-5 probe station. The module in the analyzer
allowed precision measurements with a current
resolution of 10 fA when applying a voltage
of 100 V. The I~V characterisitcs were recorded with
a voltage step of 0.5 V, the voltage sweep amplitude
was 10 V.

3. Results and Discussion

3.1. A study of Langmuir layers
on the surface of water

At the first stage of the research, it was
necessary to determine the optimal volume of CNTs
for the formation of a Langmuir layer. In this case,
optimization involved finding the conditions for
obtaining the most homogeneous Langmuir layer
(a Langmuir layer of CNTs close to the true one, if
we use the terminology applied to amphiphilic
substances) and, at the same time, a layer with good
conductivity.

The following values of the volume of the
working solution of CNTs introduced onto the
surface of the aqueous phase were selected for the
studies: Vent = 100, 200, 300 and 400 pl. Despite
the fact that CNTs are not amphiphilic substances, the
type of compression isotherms depended quite
strongly on Vent (Fig. 2).

It is easy to see that for Veny= 100 pL the
surface pressure reaches the highest values
7=0.73 mN-m " at the end of the layer compression.
This may be due to the fact that at such a volume the
surface concentration of CNTs is so small that there
is some free area between them and their more
optimal repacking occurs. Quite a strong variation in
the surface potential during the compression of the
CNT layer also indicates this. Of course, it is not
possible to calculate the specific area in a close-
packed state using the mw(4) and SPot(A)
dependencies, as is done in the case of classical
surfactants. For the Langmuir layer of CNTs, it is
necessary to take into account only indirect signs,
such as the nature of the dependencies of the surface
pressure and potential. It is the focus on them that
makes it possible to achieve reproducibility of results
or scaling of the technology.

At larger volumes of the working solution
Vent = 300 and 400 pL, the surface concentration of
CNTs is so high that even when such quantities of
working solutions are introduced onto the surface of
the aqueous phase, the formation of a multilayer
system occurs almost immediately, for which the
surface pressure and surface potential change very
slightly during compression of the layer.
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Fig. 2. —S (@) and Spot—S (b) dependencies for a CNT-based Langmuir layer formed using different volumes
of working solution

Thus, from the selected amounts of working
solution, the most compromise was the volume of

working solution Vent =200 uL. On the dependence
SPot(A) one can observe the same type of curve with
a clearly visible minimum, as in the case for

Vent = 100 pLl. As further studies showed, the same
amount (200 pL) was the most acceptable for
obtaining films with higher conductivity.

At the second stage, the effect of arachidic acid
additives (a classic surfactant) on the properties of
CNT Langmuir layers was investigated. The main
motivation for adding a typical representative of the
surfactant class to a non-amphiphilic substance was
to obtain “feedback” on the degree of compression of
the CNT Langmuir layer and the magnitude of the
end pressure on this layer. As is known, monolayers
of AA and their salts are well studied and often serve
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as model objects for which the dependences of
crystalline and  mechanical parameters on
compression are known [30]. They are often used not
only to clarify the concentrations of solutions or
calibrate Langmuir baths. On their basis, diffraction
gratings with a known, well-reproducible period of
the crystal lattice are created, which are used in X-ray
diffractometry [31].

The method of compression isotherms was used
to study Langmuir layers of mixtures of basic
working solutions of CNTs and AA with volume
ratios Vont: Vaa — 100:0, 95:5, 90: 10, 80 : 20,
70 : 30, 50 : 50, 30:70, 10 : 90, 0 : 100. For each case,
the volume of the mixture applied to the surface
of the aqueous phase was the same and was

200 pL. The obtained m—A4 dependences are
presented in Fig. 3.
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Fig. 3. 1—A4 dependences for ML mixtures of CNTs and AA with different volume ratios of base working solutions:
a — general view of compression isotherms; b — region of low surface pressures
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As can be seen from Fig. 3, when compressing a
monolayer of individual CNTs (curve 100:0 in
Fig. 3), the maximum surface pressure barely reaches
0.8 mN-m ' at the end of the layer compression,
which once again confirms the absence of
amphiphilic properties in carbon nanotubes. It can
also be seen that the greater the proportion of AA
contained in the mixture, the more the isotherm of the
Langmuir layer became similar to the isotherm of the
AA monolayer, which, in principle, is quite expected.
For the isotherms of the monolayer of CNT : AA
mixtures with ratios of 95:5, 90:10, 80:20,
70 :30, 50 : 50, 30:70, 10:90, 0:100 in the © range
from 0.5 mN-m | and below (below the so-called
“breakaway point” of the isotherms, when the surface
pressure begins to increase rapidly during the
compression of the layer), the state of the monolayer
is close to the states of the “two-dimensional gas” and
“liquid-expanded” types (see Fig. 3b). A monolayer
in such a state is characterized by a disordered
orientation of the chains of AA molecules filling the
free spaces between the CNTs. The parts of the n—A4
dependence curves above the “breakaway point” can
be divided into two more sections: in the range of
1=0.5+20-25 mN'-m ' and in the range of
1=20-25+55-60 mN-m '. In the first section, the
surface pressure increases less intensively during
layer compression than in the second, and it can be
classified (using the classification of 2D phase states
for a monolayer of fatty acids) as a liquid condensed
state. Here, the AA molecules take a vertical position,
but there is still no clear orientation of the
hydrocarbon chains. The phase state of the Langmuir
layer in the second section (with a steeper slope) can
be attributed to the solid-crystalline state [15, 32],
in which the hydrocarbon chains of the AA are tightly
packed, well ordered, and a strict correlation is
observed between the atoms of adjacent molecular
chains. In the pressure region above 55-60 mN-mﬁl,
large 3D objects begin to form in the monolayer of
the mixture — multilayer folds that become visible to
the naked eye; the collapse of the Langmuir layer
occurs.

Based on the analysis of compression isotherms,
the following conclusion can be made: in the case
where the ratio of the volumes of the working
solutions VenT: Vaa is 80 : 20, the composition of
the CNT : AA mixture layer contains a minimum
amount of AA, which is quite sufficient to assess the
degree of compression of this layer.

3.2. Preparation of films on solid substrates
and study of their morphology

To transfer Langmuir films on a solid substrate,
it was necessary to select the optimal value of surface
pressure, which would be maintained by the bath
automation at the time of transfer. The pressure at
which the layer is restructured from a liquid-
expanded to a solid-crystalline state was selected as
such: 20-25 mN-m . At this pressure, the molecules
in the layer already begin to pack into a 2D solid
crystal, but mechanical stresses are still minimal.
This combination of conditions should contribute to
obtaining the most homogeneous film on the surface
of the solid substrate. The film was deposited on the
substrate immediately after reaching the specified
surface pressure. The remaining conditions for the
formation and compression of Langmuir layers were
the same as in the studies. The efficiency of
monolayer transfer to a solid substrate was estimated

by the transfer coefficient 7R = AA|/A (transfer ratio,
the ratio of the decrease in the monolayer area A

during deposition to the substrate area Ag). In our
case, very good transfer of each layer was observed —
the value of the transfer coefficient was very close to
1, which indicates the high efficiency of the process.

To study the morphology, 3 types of LS films
were prepared on a solid substrate (glass with ITO)
with 5 layers each, which were formed using basic
working solutions of CNTs in the amount of
Vent = 100, 200, 300 uL. FESEM microimages of
the obtained samples (top view and cross-section) are
shown in Fig. 4.

The CNT diameters were determined from the
images, which basically confirm the passport data
(& =30-50 nm), although individual objects from
25 to 70-110 nm (for CNT aggregates) can be found
in the images. The film thickness d, found from the
cross-sectional views, depended on the used volume
of the working solution Vent and changed in the

series d =190, 263, 290 nm for Vcnt = 100, 200,
300 pL, respectively (Fig. 4).

The X-ray diffraction patterns for the obtained
films were absolutely identical and contained a peak
characteristic of CNTs, located at 20 =26.1° (Fig. 5).
The diagram shows a number of peaks corresponding to
the presence of interatomic bonds of CNTs, as has been
shown by other researchers [13, 33].
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Fig. 4. FESEM image of nanotube film prepared using different volumes of CNTs:
a—100 uL; 5 —200 puL; ¢ — 300 puL (left — top view; right — cross-section)

3.3. A study of conductive properties
of films on solid substrates

To study the conductive properties, samples with
three types of films were obtained from basic
working solutions of individual CNTs, individual AA
and a solution of a CNT:AA mixture with a volume

ratio of 80:20. The layers were applied to glass
substrates.

At the first stage, the dependences of the
conductive properties of the films on the number of
layers were studied. The obtained /—V characteristics
for the number of layers from 1 to 7 are shown
in Fig. 6a.
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Fig. 5. Typical X-ray diffraction pattern of samples
with LS CNT films

As can be seen from Fig. 6b, the values of
maximum currents /I, for amplitude values of
voltage V=10V increase linearly with the increase
in the number of layers N. Such a dependence is quite
logical if each layer, represented as a separate
resistance, is “connected” in the equivalent circuit in
parallel to the previously applied resistance layers.
The same diagram (Fig. 6b) shows the dependence of
resistance R on N in a semi-logarithmic scale.

When analyzing the dependence of the
maximum currents /(¥ =10 V) on the number of
layers &, the following interesting fact can be noted:
the layer has an average conductivity of about
43102 S-sq . This is significantly lower than the
conductivity of the layers deposited on top of it, but,
at the same time, more than an order of magnitude
higher than the conductivity of the clean substrate.
If we assume that the conductive properties
of the first layer are the same as those of the
other layers of the film, then, of course, the resulting
linear graph of the dependence of /j,ox(¥' =10 V) on
N will pass through the origin of coordinates while

8%

(@)

Fig. 6. Dependence conductive properties of the CNT films on the number of layers NV:
a — current-voltage characteristics; b — values of current /% and resistance R at voltage V=10V

maintaining the general slope of the graph. However,
the experimental dependence indicates that the
conductive properties of the first layer differ radically
from the conductive properties of the other layers. In
this regard, it is quite logical to assume that even with
high transfer efficiency (with a transfer coefficient
value very close to unity), the first layer has many
defects in its structure. The same can be observed
during epitaxial growth of layers in heterostructures.
Thus, the first layer of CNT serves as a kind of
transition layer from the structure of the substrate to
the structure of the next layer. When the second layer
is applied, defects (such as voids) are ‘“healed”,
as a result of which the current flow is restored.

At the next stage, the effect of adding arachidic
acid on the conductive properties of the films was
investigated. Three types of films were prepared by
fivefold transfer of Langmuir layers from the surface
of water of different compositions: formed from the
basic working solution of individual CNTs, from the
basic working solution of individual AA, and formed
from a mixture of CNTs and AA with a volume ratio
of the basic working solutions of 80 :20,
respectively. The deposition occurred on glass
substrates with an ITO electrode system (see Fig. 1).

The -V characteristics obtained in this study are
shown in Fig. 7 — for ease of comparison of the
obtained curves, the data are presented in a semi-
logarithmic scale and the current values are taken
modulo.

It can be seen that the AA film exhibits typical
dielectric properties with typical current values
Iyy= 22:28-10 2 A with a voltage sweep of up to
V=-10+10V (i.e. the average conductivity of the
sheet was Gy, =2.53-10"% S:sq ). In addition, for
AA, as for many dielectric materials, the presence of
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of different compositions films

polarization effects is characteristic, which is
manifested in the presence of hysteresis on the
current-voltage characteristics.

Current levels for the CNT film are
approximately 6 orders of magnitude higher than
those of the AA films, which was also expected.
IenT = 50.9+50.8-10° A with a voltage sweep of up
to V'=-10+10 V (i.e. the average conductivity of the

sheet was Gy = 5.08-10° S-sqﬁl). There are no
hysteresis phenomena on their current-voltage
characteristics. The dependence of the current on the
voltage is almost linear and can be described by the
ohmic law.

The conductivity of the films obtained from
a mixture of CNT solutions with the addition of
arachidic acid turned out to be more than 2 orders of
magnitude higher than the conductivity of individual
CNT films. I;c=11.8+11.8-10° A with a voltage
sweep of up to V'=-10+10 V. A peculiar synergetic
effect was manifested for such a mixture, as a result
of which the conductivity of CNTs with the addition
of a dielectric material became significantly
higher. The average values of sheet conductance and
sheet resistance were Gy, = 118107 S-sqﬁ1 and
Ry, =847 Ohm-sqﬁl, respectively.

Of course, clarifying the physical nature of the
observed effect requires additional structural studies,
but one of the reasons for the increase in current for
the CNT : AA system may be a higher ordering and
packing density of CNTs when arachidic acid
molecules are embedded in the free spaces between
individual CNTs.

4. Conclusion

Thus, the paper investigated Langmuir layers
based on solutions of individual carbon nanotubes
and mixtures of CNTs with arachidic acid, which
were formed on the surface of water. For layers of
individual carbon nanotubes, the effect of the amount

of the working solution (100, 200, 300 and 400 pL)
applied to the surface of water to form a monolayer
on the compression isotherms of the CNT layers was
studied. The optimal value of the volume
of the working solution Vent=200 pL  was
experimentally determined for obtaining the most
uniform layers on the surface of water and films on a
solid substrate, which at the same time have the
highest conductivity. The study also revealed an
increase in the number of nanotube aggregates with
an increase in the amount of the working solution.
When forming layers from mixtures of CNTs and
AA, various ratios of volumes Venr: Vaa were
tested — 100:0, 95:5, 90:10, 80:20, 70: 30,
50 :50, 30:70, 10:90, 0:100, of which the variant
with the optimal ratio (80 : 20) was selected, at which
the AA amount was minimal and sufficient for
assessing the degree of compression of the formed
layer. It was found that adding arachidic acid to the
CNT solution in an amount of 20 % of the total
volume leads to an increase in the conductivity of the
film obtained on the basis of this mixture by more
than 2 orders of magnitude. The most probable reason
for such an increase in conductivity may be an
increase in the degree of ordering and packing
density of CNTs upon adding a small amount of
surfactant — arachidic acid.

Thus, in the course of the research, elements of
the Langmuir-Blodgett technology were developed,
allowing for the production of thin conducting CNT
films with the average values of sheet conductance

and sheet resistance were Gy, = 1.18107 S-sqﬁl and

Ry, =847 Ohm-sqﬁl, respectively. The results
obtained are interesting not only from a purely
scientific point of view, but also from the point of
view of the practical application of such films in
devices for various purposes, in particular, in flexible
and wearable electronics.
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