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Abstract: The paper presents the analysis of the surface relief of ITO conductive layers structured with single-walled
carbon nanotubes. The deposition of ITO films and carbon nanotubes was carried out by laser-oriented method using a
CO; laser. The optical scheme was matched to the control electric grid; the strength of the electric field was varied in the
range of 100-600 V-cm'. To analyze the surface, atomic force microscopy in the contact mode and measurement of the
wetting angle by sessile drop method was used. Roughness of pure ITO was about 1.8 nm, while in laser-vacuum
deposition of carbon nanotubes, roughness varied from 6.4 nm to 22.1 nm with an increase in the electric field during
deposition. The relationship between roughness and surface area of coatings and the wetting angle was considered.
An increase in the wetting angle from 101.8 degrees, in the case of pure ITO, to 115.0-128.6 degrees, with the deposition
of carbon nanotubes, was shown. The results obtained indicate an improvement in the resistance of ITO coatings to
moisture during the deposition of carbon nanotubes, which makes it possible to expand their operating conditions and
scope in optical electronics, laser and display technology.
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Annotanusi: Ipencrasien ananns penbeda NOBEPXHOCTH MPOBOSIIIMX KOHTAKTOB Ha ocHOBe ITO, cTpyKTypHpOBaHHbBIX
OJTHOCTEHHBIMU YTJIEPOAHBIMH HaHOTpyOkamu. Ocaxnenue tuieHOK ITO u yrnepomHbIX HaHOTPYOOK HpPOBOAMIIOCH
Ja3epHO-OPUEHTUPOBAHHBIM METOJOM C wucnonb3oBaHueM COj-mazepa. Omnrudeckas cxema OpLTia corjiacoBaHa
C YOpaBISIIOIIEH JIEKTPHUECKOW CETKOH, HampspDKeHHOCTh TMONs BapeupoBanach B jauamasone 100...600 B/cw.
Jns QMarHOCTHKHM IIOBEPXHOCTH IIOCIENOBATEIBHO HCIOJIB30BAIMCH ATOMHO-CHIIOBAS MHKPOCKOIMS B KOHTaKTHOM
pPEeKMME U M3MEpEeHHE KpaeBOro yriia cMayuBaHHUs MeTonoM Bucsded kamuu. IllepoxoBarocts uucroro ITO cocraBmia
nopsiaka 1,8 HM, B TO Bpemsl Kak IpH JIa3epHO-BAKYYMHOM OCKIAECHHU YTIIEPOJIHBIX HAHOTPYOOK IIEPOXOBATOCTH
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BapbupoBaiack oT 6,4 mo 22,1 HM C POCTOM 3JIEKTPHUYECKOTO IOJsI B MpOILEcce HamblIeHus. PaccmarpuBanach CBS3b
HIEPOXOBAaTOCTH M IIJIOLIAU IIOBEPXHOCTH MOKPBITHI C KPAE€BBIM yIJIoM cMauuBaHus. ITokasaH pocT yrila CMauyuMBaHHA OT
101,8° B cirygae gmcroro ITO mo 115,0...128,6° mpu ocakaeHnH yriaepoaHBIX HAHOTPYOOK. IlodydeHHBIE pe3yibTaThl
CBUJIETEJIBCTBYIOT 00 ynyuiieHun cToiikocTH ITO-NOKpBITHH K Bilare MpH OCAXICHWU YIJIEPOAHBIX HAHOTPYOOK, YTO
MO3BOJISIET PACUIMPHUTh UX YCJIOBHS JKCIUTyaTallMd M 00JaCTh NPUMEHEHHUS! B ONTHYECKOM DIIEKTPOHHKE, Ja3epHOHW U
JUCIIJICHHON TEXHUKE.

KaoueBble cioBa: MCETOA JIA3CPHO-OPHUCHTUPOBAHHOI'O OCAKACHUSA; OKCHUIbl HWHIAWA W OJIOBA, CTPYKTYPUPOBAHHC
TMMOBEPXHOCTHU; KpaeBoﬁ yroJj cMauvMBaHus; METO BUCSYEH KaIlIH.

s mutupoBanus: Toikka AS, Kamanina NV. The control of ITO conductive coating relief via laser-oriented deposited
carbon nanotubes. Journal of Advanced Materials and Technologies. 2022;7(1):58-67. DOI: 10.17277/jamt.2022.01.

pp.058-067

1. Introduction

Along with functional photosensitive and
modulating layers of optoelectronic devices, indium
and tin oxides (ITO) are one of the key
semiconductor materials in electronics, which,
depending on the field of application of the
developed system, can function both as transparent
conductive contacts, antireflection coatings and
buffer coatings [1-5]. ITO coatings are transparent in
the visible and near infrared spectrum regions,
flexible, non-toxic, and have a relatively high
conductivity, which allows them to be used in
photovoltaics [6-9], flexible electronics [10—13], and
display technologies [14—17].

It should be noted that the content of indium in
the Earth's crust is limited, and its cost is slowly but
gradually increasing, therefore, in electronics, ITO is
currently partially replaced by tin oxides with
fluorine (FTO) [18-19], zinc oxides (ZnO), and zinc
oxides with aluminum (AZO) [20-22], as well as
using other materials [23-27]. Despite this, ITO is
still in demand due to the possibility of optical
refractive index matching with silicon, liquid crystals,
and glass [28-33]. In photovoltaics, the ITO layer
should reduce reflection losses and also accumulate
charge carriers. In liquid-crystal technologies,
contacts are made on the basis of this material at the
interface: solid-liquid crystal. The ITO-glass tandem
is used to protect against freezing, for example, car
windshields.

Obtaining and controlled switching of the
desired properties of ITO coatings often depends on
the deposition method. In vacuum methods, for
example, in magnetron sputtering and thermoresistive
deposition, it is done by varying the power and
oxygen concentration [34-38]. In chemical methods,
for example, in sol-gel centrifugation, the rotation
frequency and solvent composition are changed to
control the ITO properties [39]. It is worth noting that
thermal annealing is widely used in most methods
[40—41].

In our study, we continue to improve the method
of laser deposition of carbon nanotubes on the surface
of various materials, including ITO [42—44]. Thus, in
this work, the method of laser-oriented deposition of
single-walled carbon nanotubes (CNTs) [45] is used
to change the ITO parameters. The refractive index of
CNTs (at the level of 1.05-1.10) is lower than that of
ITO, which makes it possible to reduce reflection
losses. CNTs with metallic chirality significantly
reduce the electrical resistance of ITO [46].
Since they have a high Young’s modulus, their
deposition can also increase the microhardness of the
coating, as was shown previously in the case of ZnSe
and ZnS [47].

In the current work, we increased the ITO
surface area due to the deposition of carbon
nanotubes. A correlation of the control field during
the deposition process with the relief parameters was
obtained. The relief parameters were related to the
value of the wetting angle.

2. Materials, methods
and theoretical background

The K8 crown glasses were used as substrates.
ITO films were sequentially deposited on them by
laser-oriented method, and then single-walled carbon
nanotubes (CNTs) were deposited in a varied average
electric field from 0 to 600 V-em '. Powder

(Inp03)9.9—(Sn0y)p.; with a purity of 99.99 % was
used. CNTs had a diameter of 0.7-1.1 nm
(No. 704121, Aldrich catalog). The deposition
technique and ITO diagnostics is presented in more
detail in the paper [48]. For deposition of carbon
nanotubes, a COslaser was used in a quasi-continuous
mode (A=10,6 um, W=30 W, spot diameter was
5 mm).

The relief was measured by contact method of
atomic force microscopy (Solver Next NT-MDT).
Scanning area was 30 x 30 pm, scanning frequency
was 1 Hz. The results were processed in the Nova Px
program. Roughness parameters were recalculated in
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accordance with the standard [49] in the Image
Analysis P9 image processing module [50].
The height of the AFM profile was measured on
a two-dimensional grid of 256 %256 points.
The resulting sample was ranked in height, and
statistical parameters were calculated. The normal
distribution, which describes the distribution of the
deposited film thickness in vacuum methods with
sufficient accuracy, was taken as a basis.

To numerically characterize the homogeneity of
the coating relief, the average roughness S, was used:

1 m n
Sa=—2.21/(x»). ()

mn =1 j=1

Here, m = n =256 is the number of split points
along x and y axes, respectively, z=f(x,y) is the
profile height sample measured with an atomic force
microscope.

The normal distribution is characterized by the
mathematical expectation f and dispersion o> In the
case of atomic force microscopy, the absolute value
of the mathematical expectation is not informative
enough, since an arbitrary point within the profile can
be taken as the reference point in height.
The dispersion is associated with the root-mean-
square roughness S, which is recalculated from the

profile height sample as follows:

1 m n -\2
Sq =M1, =0=\/—ZZ(f(xay)—f) -2
mn i=1 j=1
Since deviations from the ideal case are

observed in a real experiment, it is advisable to use
higher-order statistical parameters: skewness S, and

kurtosis S, :

U3 M3 mnj= j=1
sk — T 5
( )3/2 63 | m n 3/2
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When ranking the sample z = f{x, y) according to
the frequency of repetitions, the left tail of the

distribution corresponds to depressions, and the right
tail corresponds to ridges. With a negative skewness,
the relief roughness is characterized by a large
number of low ridges and a small number of deep
depressions, and vice versa with positive values.
At Sg =0, a symmetric case is observed. The kurtosis
characterizes the sharpness of the peak in the
distribution density. At a normal distribution Sy, = 3.
At Sku>3 and above, the sharpness of the peak

increases, and at Sg,<3 and below, the peak
becomes flatter.

The relief diagnostics on a macro scale was
carried out by measuring the wetting angle using
hanging drop method. Drops of distilled water with a
volume of 1 pl were deposited on the surface of
samples with structured ITO coatings for 1 second.
The whole process was recorded by a CCD camera at
a frequency of 60 fps. Using the SCA20 software, the
contact boundary was determined, the droplet
boundary was approximated, and the contact wetting
angle was recalculated. The OSA 15 EC device for
carrying out the above procedure is shown in Fig. 1.

It should be noted that the method of measuring
the wetting angle 0 by sessile drop method is
classically used for express surface diagnostics.
When a drop spreads, the contact area of the liquid
with the solid body and with the surrounding
environment increases, and surface tension forces
also work, which is illustrated in Fig. 2.

The change in free energy dF is equal to the
work done by surface tension forces dW, and can also
be expressed in terms of the change in the spreading
area [51]:

dF = dW =cdS, )

where o is the surface tension coefficient at the
interface of three phases, which is numerically equal
to the superposition of surface tension forces in the
projection onto the spreading plane reduced to unit
length:

(dFSl + dFlg +dFSg )eR
= =0y +0,c0s0—0,. (6)
dr
Here, oy, o}, and o are surface tension

coefficients at the solid-liquid, liquid-gas, and solid-
gas interfaces, respectively, and 6 is the wetting
angle.

According to Fig. 1 (II), the change in area
depends on the wetting angle and drop size:

dS = 2nRsin OdR. (7)
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Fig. 1. System for optical registration of the wetting angle OSA 15 EC (DataPhysics)
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Fig. 2. Sessile drop method: (I) wetting angle 0, (II)
change in the drop area during spreading, (III) direction of
surface tension coefficients at the interface of three phases

In the equilibrium state, the free energy takes on a
minimum value and does not change, therefore
dF = dW = 0. In this case, by substituting (6) into (5),
it is possible to express the wetting angle in terms of
surface tensions and obtain the Young formula [52]:

G —O
cosh=— "% ®)
Gl

This approach succinctly describes the case of a
smooth homogeneous surface of a solid body.

In this paper, we propose to supplement the
described approach for the case with a rough surface
and consider the surface of ITO films with deposited
carbon nanotubes in more detail.

In the real case, the surface of a solid body is
rough, which means that the surface area is higher
than in the ideal case. Graphically, this is shown in
Fig. 3.

Analytically, the surface area is determined
through the functional dependence of the height

z=£fx,y)[53]:

2 2
ds.. = 1+{af (r.y )j +[af (. )J dedy . (9)
ox oy

dSreal

L

dy

Fig. 3. Demonstrated difference between the surface area
of areal ITO film and a perfectly smooth surface
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Since, in practice, the surface profile is measured
by points, using a second-order difference relation, it
is possible to do the point partition. Let us denote the
ratio of the real surface area to the ideal one through
the surface roughness coefficient:

) ¥ BTNy RATTENy §

Sld
(10)

where L [f(x,y)] and L [f(x,y)] are second-order

difference relations in x and y coordinates:

Lx[f(x’y)]zf(xi_l’yi)_2f(xl"yi)+f(xi+1,yl-);

(Ax)?
(11a)
Ly[f(x,y)]: f(xi,yi1)_2f(xi’2yi)+f(xi’yi+l) |
(Ay)
(11b)

It should be noted that the described roughness is
a property of a solid body, therefore, in the
expression for changing the free energy, this
parameter will be used for o, and o:
dF = (og — 0, )Kds+ 0 cos0ds.  (12)
Thus, from the equilibrium condition, the
following expression for the wetting angle can be
obtained taking into account the surface roughness:

Gs1 ~ O
cos® = K, ———% = K cosf.
0]

(13)
g
According to expression (10), K;=1 in the case

of an ideal smooth surface, and K> 1 in the case of a
rough one.

3. Results and discussion

In laser-oriented deposition method, the material
from the source substrate is sputtered under the action
of a temperature gradient in a solid angle of 27t. Since
the source substrate is heated unevenly during laser
exposure, the number of particles deposited on the
quartz substrate decreases as it deviates from its
center. Directional deposition can be achieved by
changing the distance from the grid to the upper
carousel with samples, which also determines the
magnitude of the control electric field.

During the ITO deposition, films with an
average roughness of 2 nm or less are formed. The
difference between the maximum height and
maximum depth within the scanned sample is on the
order of 10 nm. Carbon nanotubes under current
conditions are deposited in the form of clusters with a
height of about 60 nm. Depending on the magnitude
of the electric field strength on the control contact
grids, it is possible to influence the relief shape of the
modified ITO surface (Fig. 4).

In this case, it is possible to rearrange the height
distribution along the surface of samples. With an
increase in the control field, an increase in roughness
is observed (Table 1).

Fig. 4. Atomic force profiles of pure ITO surface (I) and ITO surface
with deposited carbon nanotubes at different average electric field strengths:
100 V-cm™" (II), 200 V-cm™' (III), and 600 V-cm ™' (IV)
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Table 1. Relief parameters of ITO films with deposited carbon nanotubes
at different average electric field strengths

ITO + CNT with different electric field E, V-cm™!

Parameter Pure ITO
100 200 600
Average roughness S;, nm 1.8 6.4 15.6 22.1
RMS roughness Sq, nm 2.2 7.9 12.2 27.4
Skewness Sgk 0.02 -0.03 0.04 0.24
Kurtosis Sku 2.4 2.5 34 32

It should be noted that with increasing control
field strength, the roughness S, and §; increase.
At E=200 V-cm ' and E = 600 V-cmﬁl, the kurtosis
is higher than 3, which means that the distribution
peak in the vicinity of the mathematical expectation
is sharper than in the case of a normal distribution,
which can be associated with a more ordered
deposition of carbon nanotubes on the ITO surface.
The skewness at E=600 V-cm ' characterizes
roughness associated with the influence of the
number and magnitude of depressions in the relief.

with expressions (10)—(11), the surface roughness
coefficient was calculated, and a prediction was made
for the wetting angle using formula (13). A clean ITO
coating with 6=102.8° was taken as a smooth
surface (Table 2).

When measuring the wetting angle, the same
trend was found (Fig. 5); its value increases with
increasing surface in homogeneity, which can be
controlled by the electric field during the deposition
of carbon nanotubes (Table 3).

When the surface is structured with carbon
nanotubes, in addition to the relief, the composition

The measured AFM profiles were imported into  also changes; therefore, the surface tension
the MATLAB R2021a software and, in accordance  coefficients differ.
Table 2. Calculation of the surface roughness coefficient and wetting angle
ITO + CNT with different electric field £, V-cm™
Parameter Pure ITO
100 200 600
Roughness coefficient, K 1.012 1.595 2.533 3.004
Predicted wetting angle 0', deg 102.8 (measured) 110.7 124.1 131.7
CA left: 102.8° CAleft: 114.1° CA left: 118.6° CAleft: 128.7°
CA:ghl: 102.8° (@) | caright ez (In CA :ght: 18.7° (TII) CAright: 128.7° Iv)

Fig. 5. Wetting angle of pure ITO surface (I) and ITO surface with deposited carbon nanotubes at different average electric
field strengths: 100 V-cm™ (II), 200 V-cm™' (III), and 600 V-cm ™' (IV)
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Table 3. Statistics of the wetting angle on the ITO film surface with deposited CNTs
at different electric field strengths

ITO + CNT with different electric field £, V-cm™

Wetting angle parameter, ° Pure ITO
100 200 600
Mean value 101.8 115.0 119.8 128.6
Minimum value 99.3 111.5 115.6 128.0
Maximum value 102.9 117.6 125.4 129.0

4. Conclusion

Thus, based on the experimental data on atomic
force microscopy and measurement of the wetting
angle, taking into account the experiments and
calculations performed, the following conclusions
can be formulated:

1. Laser-oriented deposited carbon nanotubes
are a scaffold that increases the surface roughness of
the matrix material, in this case, ITO.

2. During deposition of carbon nanotubes, it is
possible to control the relief parameters using an
electric field on contact grids. As the tension
increases, the roughness parameters S,, Sq and Kj
increase. At the same time, there is a tendency to an
increase in the wetting angle with an increase in
surface inhomogeneity. Thus, a clear correlation has
been established between the surface roughness and
the wetting angle.

3. The results obtained indicate a decrease in the
adhesion energy to the surface of the structured ITO
film, making it more resistant to moisture, which is
important when working with optical equipment.

4. The results obtained and discussed can
significantly expand the scope of ITO conductive
contacts, not only for the field of general
optoelectronics, but also for laser, biomedical and
display technology.
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