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Multilayer mesoporous composite antireflective coatings SiO,@ZnO and SiO,@TiO, for glass plates with
different optical refractive indices (1.52 and 1.8) were developed using sol-gel technology. The resulting sols
were applied to glass plates by dip-coating from a solution at 23 4+ 10 °C. The extraction rate from the solution
was varied from 100 to 180 mm/min. Glass plates with coatings applied to both sides were dried at room
temperature until a film formed and then heat-treated in a muffle furnace at 500 °C. During annealing, a composite
composition of SiO,@ZnO and SiO,@TiO; films was formed. The thickness of the SiO, layer ranged from 100 £ 5
to 120 &+ 5nm, depending on the experimental conditions. The composite layer thicknesses were: SiO,@ZnO
100 £ 10nm, SiO,@TiO, to 140 =5 to 185 + Snm. The results of measuring the reflectance and transparency
spectra of glass with single-, two-, and three-layer coatings made of sols with different compositions and drawing
rates are presented. It is shown that two-layer mesoporous composite coatings with different compositions best
demonstrate the antireflective properties of glass with medium (1.52) and high (1.8) refractive indices over a wide

optical range of 400—1000 nm.
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Introduction

To improve the efficiency of solar energy conversion
by optical instruments made of multi-element lenses, the
optical lenses may be reduced considerably, using the
dependence of the reflectivity on the phase changes and
the refractive index. This may be achieved by covering the
optical surface with thin, transparent and dielectric layers
called antireflection coatings (ARC), which have certain
values of the refractive index and thickness. Antireflective
coatings reduce losses for Fresnel reflection and therefore
improve light transmission. ARCs are widely used in various
applications, such as display panels, solar elements and
optical lenses [1].

High efficiency of multi-layer antireflection coatings may
be achieved by reduction of the refractive index of the
upper layer and formation of a finely structured porous
film. Papers are known, where thin films of porous
SiO, with super-low refractive indices and two-layer an-
tireflection coatings with broadband, highly transmissive
and scratchproof properties were obtained by simple sol-
gel method [2-4]. Sol-gel synthesis is carried out at
relatively low temperatures and makes it possible to obtain
the materials that are homogeneous in their structure and
properties and also makes it possible to easily introduce
particles of various nature into their composition. Porous
films hold a specific place among the thin-film coatings.
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Porosity (ratio of the volume of cavities in the material to
its total volume) influences the properties and application
of the films. Porous materials are classified by pore size:
microporous (pore size up to 2nm), mesoporous (pore
size from 2 to 50nm), macroporous (pore size of more
than 50nm). Thin films with high content of pores are
necessary to create the materials characterized by low
diclectric constant, low refractive index and low thermal
conductivity. Porous materials have large interface, high
volume of pores, colloidal stability, inertness and wide
opportunities of chemical modification of the inner surface
of the pores [5,6].

Structured and porous materials become promising opti-
cal materials [7,8].

Theoretically, to reduce to zero the reflection of light from
the glass with the refractive index n, ~ 1.52 at wavelength
Ao, a transparent film coating is necessary with low
refractive index (n =,/ ~ 1.23) and thickness 49/4 [9].
Film-forming materials with such low refractive index is
nonexistent in nature. Therefore, in practice of elucidation
of optical parts, multilayer coatings produced with vacuum
technology have become widely used. However, the main
disadvantage of vacuum technology is the use of expensive
equipment, and the dimensions of the used substrate are
limited by the dimensions of the vacuum chamber in the
sputtering apparatus. As the dimensions of the substrate
increase, the cost of the sputtering processes increases as
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well. As the alternative method of elucidation, recently
single- and multilayer porous composite film coatings have
been proposed, which are produced by chemical methods,
in particular, using sol-gel technology [10,11]. The structure
of such multilayer elucidating coatings provides for the
combination of the layers with high and low refractive
indices.  Materials with high refractive index are, for
example, TiOy (2.6), SnO, (2.0), CeO;, (1.95) and others.
Materials with low refractive index are, for example, SiO,
(1.45), MgF, (1.38) and others. Materials with medium
refractive index (1.5—1.9) are Al,O3 (1.77), LaF3 (1.54),
CeF; (1.57) and others. Therefore, porous coatings based
on such materials as SiO, and TiO, are of scientific and
practical interest.

Single-layer coatings made of composite silicate meso-
porous materials SiO,@CuO and SiO,@ZnO, developed
on the basis of sol-gel technological methods in paper [12]
have shown their efficiency for improvement of glass trans-
parency, but with limited broadbandness. it is possible to
achieve the considerable increase in broadbandness without
substantial reduction in the optical transparence on the basis
of multilayer mesoporous coatings. In paper [13] a two-
layer coating was developed on the basis of SiO,@TiO,
naterials. A glass substrate was coated with a layer of
mesoporous SiO, using the method of acid catalysis, the
second layer from mesoporous TiO, was applied by dipping
method. Light transmission was 96.9% (1 = 620 nm). Such
coatings have demonstrated good hydrophilic properties due
to the presence of TiO,. In paper [14] optimized two-layer
quarter-wave antireflection coatings SiO,/TiO,, SiO,/Al, O3,
SiOy/anatase TiO, and SiOj/rutile TiO, were developed
using TFCalc software to design thin films. Coatings
Si0,/TiO, were made using sol-gel method in accordance
with the developed optimal parameters. It is interesting
that in the manufactured coatings SiO,/TiO, simultaneously
the properties of abrasive resistance and broadbandness
were found, which makes this coating system SiO,/TiO,
promising for real applications in optical and display devices.

Therefore, the purpose of this paper was development of
multilayer broadband elucidating composite coatings on the
basis of silicate mesoporous materials SiO,/SiO,@Zn0O and
Si0,/Si0,@Ti0s.

Materials and methods

In this paper the study objects were composite two-layer
and three-layer nanocoatings based on porous silicon diox-
ide SiO; and silicon dioxide modified with zinc oxide ZnO
or titanium dioxide TiO, applifed on the surface of object
slides (75x25x 1.1 mm, ApexLab, Russian Federation) by
method of pulling from sol solution. Initially a layer of
SiO, was applied on the slides with variable thickness d;
(at pulling speed 110—168 mm/min) from the formed sol of
silicon dioxide prepared by sequential mixing of distilled
water, ethyl alcohol, acetic acid and tetraethoxysilane at
mole ratio of 12.2:30:2:1.  After application of the
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coating on the basis of SiO, the substrate was thermally
treated in air atmosphere at 500 £ 5°C for 30min, then
the second layer of SiO,@ZnO coating was applied with
thickness of d, from sol with composition similar to the
above, with addition of zinc acetate Zn(CH3COO),-2H,0
in the quantity of 0.076 mol.% with the final annealing at
500 £ 5°C for 60 min.

For the experimental study, the titanium dioxide sols
were also prepared: base sol TiO,. Titanium dioxide sol
were produced by hydrolysis of tetrabutoxytitanium (TBT):
(C3HgO)4Ti (mass fraction of main substance 98.9%,
special purity; TU 2637-059-44493179-04). The solvent
used was 96% solution of ethyl alcohol (GOST 18300-87).
As the reaction inhibitor, acetic acid CH3;COOH was used
(mass fraction of main substance 99.8%, chemically pure;
GOST 61-75). Ratio of mixture components by mass of
TBT:H,0:C,HsOH: CH3;COOH = 0.46:1.76: 14.78 : 0.09.
In a reaction cup ethanol and acetic acid were mixed for
2—3 min, then TBT, 97% was added (SigmaAldrich244112).

Kinematic viscosity of synthesized sols was measured for
3—5 days using a capillary viscosimeter (dcqp, = 0.86 mm)
(GOST 33-2000) at temperature 7 = 20 4 1°C. The pro-
duced sols were applied on the plates of silicate glass
of crown group of K8 (n = 1.52) type and leucosapphire
plates (n = 1.8) by method of pulling from the solution
at temperature of 20 + 1°C. Coatings were applied after
maturing of sols preventing gel formation in solutions. Glass
substrates were cleaned by boiling in the hydrogen peroxide
solution. Speed of extraction from solution was selected in
the range of 100—180 mm/min.

The general view of the two-side antireflection coating
applied on the glass substrate is given in Fig. 1.

The method to apply a three-layer coating consisted of
three stages. At each stage of application, thermal annealing
of the coating was carried out at 500°C. At the first
stage a hybrid coating based on SiO,@TiO, was applied
on the glass. At the following stage TiO, coating was
applied. The final stage of the developed method was
application of SiO, coating. The general view of the two-
side three-layer antireflection coating on the glass substrate
(SiO,@Ti0;)—TiO,—SiO, was not given.

The roughness of the produced coatings was stud-
ied using a microscope of a probe nanolaboratory NT-
MDTNtegraSpectra, in semi-contact mode. Probes of
NSGI10 series made by NTMDT were used. To determine
the thickness of the film and roughness of the coatings,
software was used to analyze the data of scanning probe
microscopy Gwyddion.

Spectral optical characteristics were modeled by the
analytical method for evaluation of the input impedance
of the multilayer structure using Fresnel formulae. It is
known that for electromagnetic wave (EMW) along axis
z admittance A(z, k) = H,(z, k)/E/(z, k) and impedance
Z(z,k) of the electromagnetic field are defined as
Z(z, k) =1/A(z, k) = E/(z, k)/H,(z, k). To minimize the
reflection of the electromagnetic radiation from the interface
between the coating and the air, it is necessary to most fully
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Figure 1. General view of two-side antireflection coating on glass
substrate.

provide for the broadband optical agreement by impedance
of the substrate with the coating and the environment. It is
known that the impedance of medium Z,, is determined by
the inverse value of the module of its complex refractive in-

dex as Z, = % = \/,120—()?7 where Zy = 377 €2, impedance

of free space; n,, = n — jk — complex refractive index of
the medium, n — refractive index, k — absorption index
or extinction coefficient. Essentially, ARC is a transformer
of environment and substrate impedances. For transparent
and absorbing substrates, ARCs must provide for the optical
transparency that does not depend on the angle of light
incidence. Ideal elucidation occurs upon compliance with
the condition Z,, = Zy or vn? + k? = 1.

Each separate layer was considered as a section of a
long line with its complex wave impedance Zo i = Za/nj,
where Z, — wave impedance of the environment (for air
Z, =371Q), nj =nj —ik; — complex refractive index of
jth layer. The essence of the method consists in finding
the input impedance of Z;, multilayer coating on a glass
substrate. Knowing it and applying the Fresnel formulae,
it is easy to obtain the ratio to estimate the amplitude
reflection coefficient 7 and transmittance coefficient 7. For
transverse polarization of light the ratios for r; and 7. and
for longitudinal 7, and 7, have the following appearance [9]:

~ Zm cos6 — Z;, cosy

rS = = £ ( 1)
ZycosO + Z;, cosy

. 2A;, cos 0

- cos 2)

Zm cosO + Z;, cosy ’
. Zinc0s0 — Z, cosy
Ty = = ,
P ZincosO + Z,, cosy

R ZAM cos 0
= = , (4)
Zincos 0 + Z,, cos y
where 6 — angle of incidence of optical wave at the

input boundary of ARC, y — angle of light refraction.
For further consideration, it is convenient to present the
amplitude reflection coefficients for the light polarized in
different planes in the unified form:

L
S,p ]’All—i—}:lz’

R n; cos 9,’
n;, =
! cos 0;

n;

where

for p- and s-components respectively.

In contrast to the widely known matrix method of light
transmittance modeling in multilayer film structures, this pa-
per proposes a new modification of the impedance method
to calculate [15,16] spectral reflection and transmittance of
light in such structures. The impedance method is widely
used in the theory of long lines and waveguide structures.
Comparison of the calculation results using two methods
demonstrated their high degree of match. However, the
impedance method of calculation, in our opinion, has a
simpler form.

The input impedance of jth layer of ARC Z;’;l with
wave resistance Zé and resistance of the Zg_l layer load
is recorded in the following form:

iy A-Zj_l—l-iZ"'tan i
Zl,=A;+iB; =27} 20— L2y
Zy+iZy  tang;

(5)

where @; = (2Z)n;d; — phase thickness of jth layer [9].
For jth layer, the load is input impedances of all prior layers
together with the substrate. The calculations are carried out
from the first layer loaded onto the substrate.

The module of wave resistance of jth layer of ARC Z
may be recorded in the following form

Zy
[ 2 .2
nj—l-kj

and real and imaginary parts of wave resistance of jth layer
of ARC in ratio (5) will be recorded by us in the following
form

7 =

(6)

0
A =7y —L
AT

k
and B; =Zo—
J j

N
5

+ k5
Spectral expressions for the real and imaginary parts of

input resistance of jth layer from ratio (5) will be recorded
by us as

1+tan?@;_1(4)

Ejz—l(ﬂ') + sz—l(ﬂ') '

Aj(A) =A;-1(1)
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B 1(A)(1 —tan’p; 1()) — tanp; _1(2)

X [(Aifl(l) + Bifl(l))(zél—l ) - Z(j);l]
P L)+ FL ) ’
(7)

Eji_1(A)=1-B;-1(4) (%) tang;_1(4)
0

and
Fj1(2) =A;1(2) (%) tang;_1 ().
0

For the substrate the real and imaginary parts of wave
resistance according to (6) have the following form

ng ks
Ay =Zy——— and B, =Zy———,
where n; and k; — respectively, the refractive index and

the absorption index of the substrate.

Using ratios (8), it is easy to record the real and imaginary
parts of input resistance for the first layer applied on the
substrate as

1+ tan’ , (2
A1(2) = Aq( )[%}

B, (1)(1—tan® @, (1)) —tan ¢, (1)[(A2(A) +B2(1))(%)—Z]

s
0

E}(4) + F2(2) ’

Here d; — substrate thickness.
For a single-layer ARC the input impedance, according
to (5) and (8), will be recorded as

Zin :Ain +iBin’
where 5 W
1 4 tan” @ (4
E{(4) + F7(A)
Bin(1) =

731(1)(1 —tan’@; (1)) —tan @, (l)[(A%(l)+B%(l))(%é)—Z$]
EF(A) + FE(4) '
9)
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1
El(ﬂ,) =1- Bl(ﬂ,)<—1) tan(pl(/l),
0
1
A =) (57 ) tanon (),
ZO
-5
n% +k%

Here d; — layer thickness.

Using Fresnel formulae (1)—(4), we will record the
amplitude reflection and transmittance coefficients for EMW
for s- and p-polarization as

[AZ(2) + B2, (4)] cos? 6 — Z} cos? y

Rer,(A) = ,
ers() [Ain(A) cos O + Zy cos p]? + [Bin(1) cos 6]2
2B, (1)Zy cos O cosy
Imr, (1) = :
M) = Ty 080 + Zo cos 12 & [Bor(2) cos OF
Rer, (1) Z3cos? 0 — [A2,(A) + B2,(1)] cos? y
r =
' [Ain(2) cosy + Zo cos 0]2 + [B, (1) cos p]?’
2B (2)Zo cos 0
Im ro(1) = (1)Zp cos 6 cosy

[Ain(2) cosy + Zycos 0]2 + [B;,(1) cosp)?”

The energy module of the reflection coefficient has the
following appearance

Reo(d) = IresDP = \/Rery ()2 + Imr ,(2)2.

For nonpolarized light

R = (BB o, (10)

where coefficient a; = 1 for the single-layer coating on the
substrate and a; = 2 for the two-sided one. For example,
the reflection coefficient of the glass plate with two free
boundaries is equal to 8%.

Based on the energy balance, the transmittance coeffi-
cient may be recorded as T(1) =1 — R(1) — A(1), where
A(4) — coefficient of losses in ARC.

If there are no losses, or losses are insignificant in
ARC the transmittance coefficient may be recorded as
T(A)=1—-R().

Technology of sol-gel application of ARC makes it possi-
ble to create composite nanocoatings on any substrates with
controlled parameters for optical thicknesses of coatings
(refractive index and geometric thickness). In this paper
the following basic materials were selected: a silicate glass
substrate of crown group K8 (n = 1.52) and leucosapphire
plate (n = 1.8), silicon dioxide (SiO, n = 1.45), titanium
dioxide (TiO, n = 2.6) and zinc oxide (ZnO, n = 2.0). To
calculate the effective values of refractive index, methods
were used on the basis of Lichtenegger and Bruggeman
equations described in paper [12]. The top later was porous
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silicon dioxide with refractive index within 1.45 - 1.35.
The bottom layer loaded onto the glass substrate was a
matrix composite nanomaterial SiO,@ZnO with mass con-
centration in the range of (1—10) mas% or volume fraction
p of ZnO inclusion into matrix SiO; (p = 0.005—0.05). The
refractive index of the composite nanocoating SiO,@ZnO
was in the range of (1.45—1.48). Another matrix composite
nanomaterial was SiO@TiO,. For mass concentration
(1—10) mas% or volume fraction of inclusion of TiO; into
matrix SiOy (p = 0.0063—0.065) the refractive index of the
composite nanocoating of SiO,@TiO, was in the range of
(1.45-1.52).

The thickness of coatings was determined after thermal
treatment by contact method in profilometer Veeco Dektac
150 (Veeco Instruments Inc., USA).

Optical spectral measurements of transmittance of glass
plates with applied coatings were carried out using the
diagram described below. The light beam from Ocean
OpticsDH-2000-BAL lamp via a light guide (optic fiber
Ocean OpticsP-100-2-UV-VIS) and collimator falls at the
specified angle at the sample. The sample was located on
the site of goniometer Standa 068979. The reflected light
beam via collimator OceanOptics 74 DA and optic fiber
entered the input of spectrometer OceanOpticsQE 65000.

Results and discussion

To determine the fundamental dependences of coating
properties on the parameters of their application, studies of
rheological properties of sols were conducted depending on
the duration of their maturing. The sols produced in the
experiment were studied for the stability of gel formation.
Over time, the change in the kinetic viscosity was recorded
using viscosimeter VPZh-1. The obtained data of kinetic
viscosity change in sols of silicon dioxide, titanium dioxide
and their compositions are presented respectively in Fig. 2.

As it follows from the given dependences in Fig. 2, sols
of silicon dioxide and titanium dioxide (curves I and 2)
are stabilized on day 6. Whereas in hybrid (mixed) sol
of titanium and silicon oxides (curve 3) for two days the
hydrolysis process is happening, and on day 4 the gel is
formed with sedimentation.

With the selected viscosity of sol, the thickness of the
produced coating depends on the speed of substrate pulling
from sol. As the speed of coating pulling from the solution
increases, its thickness increases.

Tests of the glass samples with the applied ARC for
moisture resistance and abrasive resistance according to
the requirements of the European standard EN 1096-2
»Qlass in building — Coated glass found that moisture
resistance and abrasive resistance corresponding to class A
are possessed by the coating that underwent isothermal
soaking at temperature of 500 &= 5°C. The change in the
optical transmittance coefficient of the sample before and
after tests at 4 =550 and 900nm was no more than
0.2% for both wavelengths. Consequently, glass with the

1 h | L | L | L | L |
0 2 4 6 8 10

days

Figure 2. Change of kinematic viscosity of sol of silicon, titanium
dioxides and composite of silicon dioxide with addition of titanium
dioxide over time. Curve I — SiO;, 2 — TiO,, 3 — SiO,@TiOs.

deposited ARC that has undergone isothermal holding in a
furnace at a temperature of 500 £ 5°C for 15 + 1 min can
be used for outdoor applications. After the adhesion tests,
the optical properties of the coatings were re-examined.

An important advantage of composite nanomaterials of
multilayer coatings is the ability to control the effective
refractive index of the entire structure. This paper used
porous nanomaterials, silicon and titanium dioxides, and two
types of matrix nanomaterials — with matrix from SiO, and
filler from TiO, and matrix from TiO, and filler from SiO,.

The values of the effective refractive index n.r
were calculated using the Lichtenegger formula [17]:
ner = fpnp + (1 — fyny), where f, = XZ — volume frac-
tion of the filler, f,, = :n"—’ — mass fraction of the filler,
np and n, — refractive indices of the filler and matrix,
accordingly. The volume and mass fractions are related with
the following ratio:

= fw
fut (= fu)l’

Ip

where p,, p,, — densities of the filler and matrix material
accordingly (g/cm?).

Fig. 3 shows the calculated dependences of the effective
refractive index of a composite nanocoating based on silicon
and titanium dioxides on the volume fraction of filler. For
composite nanomaterials based on silicon dioxide and zinc
oxide, the values of the effective refractive index are given
in detail in [12].

The range of variation of the effective refractive index
of the composite material largely depends on the ratio of
the matrix and filler refractive indices. Fig. 4 shows the
calculated dependences of the effective refractive index of
composites based on silicon dioxide and different fillers.
The calculations used the following values of refractive
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Figure 3. Dependences of effective refractive index of composite nanocoating on volume fraction of filler: (a) porous silicon dioxide
with air filling (n,, = 1.45; ny = 1); (b) tubular titanium dioxide with air filling (n,, = 2.5; ny = 1); (c) silicon dioxide with a filler from
titanium dioxide (n, = 1.45; ny = 2.5); (d) titanium dioxide with a filler from silicon dioxide (n, = 2.5; ny = 1.45).

indices: matrix from SiO, (o, = 2.648 g/lcm?, n,, = 1.45),
filler from ZnO (p; = 5.61 g/cm®, ny = 2.03), filler from
TiO, (py =4.23g/em?, ny = 2.65). From the given de-
pendences, it follows that the use of titanium dioxide filler
significantly increases the range of variation of the effective
refractive index values of the composite coating.

Single-layer coatings based on the composite nanomate-
rial SiO,@ZnO were studied in detail in our paper [12].
The advantages of using two-layer coatings from the same
material are shown in Fig. 5, which shows the spectral
difference of the measured optical transmittance of samples
with a single-layer SiO,@ZnO coating (curve /) and a two-
layer SiO,-SiO>@ZnO coating (curve 2) on a glass substrate
and the glass substrate itself.

From the given spectral dependences, it follows that the
optical transmittance of the two-layer structure is generally
higher in the visible region of the optical spectrum. This
is more pronounced in the short-wavelength part of the
spectrum. The single-layer ARC structure was fabricated
at a drawing speed of 160 mm/min from the composite
nanomaterial SiO,@Zn0O, where SiO, was chosen as the
matrix and 10mas|% ZnO, as the filler  The two-
layer ARC structure was fabricated at a drawing speed
of 138 mm/min from the composite nanomaterial, where
SiO,@Zn0O (10 mas%) was chosen as the bottom layer on
the glass substrate, and the top layer material was made

11*  Optics and Spectroscopy, 2026, Vol. 134, No. 2

24

Ref

1.8 Ji

14 - 1 L 1 L 1 L 1 L 1
0 20 40 60 80
x, mass %

Figure 4. Dependences of effective refractive index of composites
based on silicon dioxide SiO; on mass concentration of fillers:
ZnO (1), TiO; (2).

of porous SiOy (22pore%). Individual measurements of
the refractive index of each layer demonstrated that the
refractive index of the porous SiO; is 1.35, and the refractive
index of the bottom layer SiO,@ZnO (10 mas%) is 1.47.
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Apart from composite nanocoatings from SiO>@ZnO,
the paper studied ARCs based on SiO,@TiO,. Single-
layer, two-layer, and three-layer composite nanocoatings
were fabricated. The spectral reflection characteristics were
measured and the effective refractive index of such coatings
was estimated. Fig. 6 shows the spectral dependences
of optical reflection and the effective refractive index of
Si0,-Si0,@TiO, coatings on glass substrates. The single-
layer coating consisted of porous SiO; (pore 22%) with
a thickness of 117nm and a refractive index of 1.35. In
the two-layer coating, the bottom layer on the substrate
was made of nanocomposite SiO,@TiO; (22 mas%) with
a thickness of 185nm and a refractive index of 1.7, the top
layer was porous SiO, (pore 22%) with a coating thickness
of 117nm and a refractive index of 1.35. The three-layer
coating consisted of the following layers: bottom layer on
the substrate — porous SiO, (pore 22%) with a thickness
of 117nm and refractive index of 1.35; middle layer —
nanocomposite SiO,@TiO, (22 mas%) with a thickness of
185 nm and refractive index 1.7; top layer — porous SiO;
(pore 22%) with a thickness of 117 nm and refractive index
1.35. Based on the measured energy spectra of reflection,
it is easy to estimate the spectral values of the effective
refractive index of the composite coating. In the assumption
of no optical losses in the structure let us record the law
of conservation of energy as R(1) +T(1) =1. Spectral
reflection is related to the effective refractive index of the
coating as R(1) = (1oL m)z. Then the spectral effective

14n.5 (ﬂ.)
refractive index may be estimated as n.s(1) = % V>R<l)
or ner(A) = ﬁ + (#1)2) -1
From the dependences given in Fig. 6 it follows that the
two-layer coating provides for the lowest reflection in the
entire spectral range from 400 to 900 nm. It is reasonable to

Il L Il L Il L Il L Il
400 500 600 700 800
Wavelength, nm
Figure 5. Difference of measured spectra of optical transmittance
of samples with a single-layer SiO,@ZnO (/) coating and a two-

layer SiO>—SiO,@ZnO (2) coating on a glass substrate and of the
glass substrate itself.

use the three-layer coating, when narrow-band elucidation
is required with significant offset of spectral areas of the
minimum reflection. The paper [9] considers in detail
the conditions of the minimum optical reflection of the
structures based on two-layer ARCs. To zero the energy
reflection coefficient R =0, it is necessary to meet the
following condition:

nony

(no—nu,) oS @1 cos P2+ (2— —

1

NIy 1 3 —
e ) sin ¢ sin @ =0,

noMm

nony 1 0 _ 1 J—
(_m nl) sin ¢ cos @y + (—nz nz) cos @ sin @, =0,

where nyg, n1, ny, n,, — refractive indices of the environment
(np = 1), top layer (n;), bottom layer (n;) and substrate
(nm). Phase thicknesses of the top and bottom layers
will be designated accordingly as ¢; = 27n1d;/A and
@y = 2mnydy/A. Assuming n; and n; to be fixed values, we
will get the system of two equations relative to the phase
thicknesses of the layers. After transformation, the condition
must be satisfied: tan’¢@; > 0 and tan’¢@, > 0. If we
designate the factors as A = (non,, — n3), B = (non,, — n3),
C = (non3 — n3n,), then for positive values of the squared
tangents ¢; and ¢, certain values of the refractive indices
must be chosen. These values must satisfy the following
inequalities [9):

(nonm) —n3 > 0
(nonm) —n3 >0 (11)
non% — nmn% >0
(nony) —nt <0
n3 — nony > 0 (12)
non% — nmn% <0
(nonm) —n3 >0
n3 — nony > 0 (13)
non3 — nyn? < 0

(nonm) —nt <0

n3 — nony > 0 (14)

non% — nmn% >0

If we require that the energy reflection coefficient be
zero at a wavelength 4 =1y, then it is easy to de-
termine the optical thicknesses of the layers at which
the reflection coefficient is zero: nid; = (Ao/2m) atan (A),
nady = —(Ap/2m) atan (B). To satisfy this condition, the
inequalities for the optical thicknesses of the layers must
be met: n1dy < (2,0/4) and nyd, > (10/4)

For a composite two-layer nanocoating
Si0,—Si0,@Ti0, (TiO,@Si0,), by choosing the matrix
and filler material, it is possible to vary the refractive index
of the bottom layer loaded onto the glass substrate over a
wide range from 1.7 to 2.3. The geometric layer thickness
varied from 130 to 190 nm due to different drawing speeds
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Figure 6. Measured spectral dependences of optical reflection and estimated data of the effective refractive index of one-, two- and
three-layer coatings SiO, and SiO,@TiO; on the glass substrates: (a) optical reflection, () effective refractive index (I — one layer SiO»,
2 — two layers SiO,—SiO,@TiO,, 3 — three layers SiO,—SiO,@TiO,—SiO,).
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Figure 7. Estimated spectral dependences of optical reflection and effective refractive index of two-layer coatings SiO,—SiO,@TiO, on
glass substrates and variable value of refractive index of the layer on the substrate (np): (@) optical reflection, (b) effective refractive

index (1 — npor = 1.7; 2 — npor = 2.0; 3 — npoy = 2.3).

and solution viscosities. The top layer of porous silicon
had constant values of refractive index equal to 1.35 and
thickness of 117 nm.

Fig. 7 shows the estimated spectral dependences of
optical reflection and data for the effective refractive index
of two-layer SiO,—SiO,@TiO, coatings on glass substrates
with different values of the refractive index of the layer
on the substrate (n,,). From the given dependences, it
follows that an increase in the refractive index of the bottom
layer narrows the optical wavelength range of minimum
reflection.

Since in our paper we selected the following refractive in-
dices: n,, = 1.52 and n,, = 1.8, (pore Si0,), (SiO,@ZnO),
(SiOL,@Ti03), then depending on the substrate material

Optics and Spectroscopy, 2026, Vol. 134, No. 2

choice, the condition of minimum reflection is satisfied for
inequalities (12) and (14). Inequality (14) is satisfied for
the substrate from crown silicate glass (n,, = 1.52), and
inequality (12) is satisfied for the glass substrate from heavy
flint or leucosapphire (n,, = 1.8).

Fig. 8 shows the estimated spectral difference of optical
reflection of samples with a two-layer SiO,—SiO,@TiO,
coating on different glass substrates. The condition for
zeroing the energy reflection coefficient of the coating R = 0
is satisfied when (R, — R)/R, — 1, where R, is the energy
reflection coefficient of the bare glass surface. For the
coating on silicate glass, the antireflection ability turned
out to be higher than on glass with an increased refractive
index.
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Figure 8. Estimated spectral difference of optical reflection of
samples with a two-layer SiO,—SiO,@TiO, coating on different
glass substrates: I — substrate from the crown silicate glass
(ns = 1.52), a layer on the substrate (npo; = 1.7, dpor = 185nm),
the top layer (n,0p = 1.35, dpor = 115nm); 2 — the substrate from
heavy flint glass (n, = 1.8), a layer on the substrate (np = 2.2,
dpor = 144nm), the top layer (0, = 1.45, dpor = 109 nm).

Thus, studies of the antireflection ability of multilayer
composite nanocoatings have shown that the optimal
coating variant is two-layer coatings, which possess high
antireflective properties and the potential for application to
glasses with different refractive indices.

Conclusion

Based on sol-gel technological methods, multilayer antire-
flective coatings have been developed for crown-type glass
K8 (n=1.52) and leucosapphire plates (n = 1.8). Liquid
coatings were applied to glass substrates by the pulling
method at a speed in the range of 100 to 180 mm/min. The
thickness of the deposited coatings was measured for glasses
annealed at 500 °C. The thickness of the SiO, layer ranged
from 100.5 to 120.5nm. The thicknesses of the composite
layers were: SiO,@ZnO 100 £ 10nm, SiO,@TiO, from
140 + 5 to 185+ 5nm. Based on the comparison of the
transmittance spectra of single-layer SiO,@ZnO and two-
layer coatings SiO,—SiO,@ZnO it was shown that the two-
layer coatings are more transparent in the violet area of the
spectrum. Based on measurements of the reflection spectra
of single-layer (SiO,), two-layer (SiO,—SiO,@TiO;) and
three-layer (SiO,—SiO,@TiO,—SiO;) coatings, it can be
stated that these coatings correspond to the current state
of the art in the development of multilayer coatings, as
presented, for example, in the review [18]. It should be
noted that two-layer mesoporous composite coatings with
different compositions best demonstrate the antireflective
ability of glasses with medium (1.52) and high (1.8)
refractive indices.
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