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Broadband anti-reflective composite coating: effect of pulsed laser

treatment on optical properties
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The developed method of laser treatment for the formation of antireflective coatings on the basis of composite
materials created by filling epoxy polymer with multi-walled carbon nanotubes has been demonstrated. The
influence of surface structuring of composite materials by pulsed laser treatment on reflectivity in UV-, visible- and
IR wavelength ranges (0.2—25um) has been investigated. A composite material was created and structures with
low reflectance in the specified wavelength range were formed on it. Optical characteristics of such structures meet
the standard requirements for anti-reflection coatings of optoelectronic and optical systems of aerospace vehicles.
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Introduction

Materials weakly reflecting in a wide spectral range
of electromagnetic radiation (EMR) are of great interest.
They are used as coatings in aerospace optical and opto-
electronic systems, photovoltaic cells, thermo/photodetector
systems, for military stealth solutions, in particular, in UAV.
The existing literature describes many material reflectivity
reduction options [1-6], for example, by adding absorbing
agents such as dyes, carbon particles, gold and platinum
black particles to the structure of materials [1,7-10]. It
should be noted that the air/surface interface imposes
strong restrictions on the incident radiation portion that
may be absorbed. To solve this problem and minimize the
reflection of incident radiation on the composite material
surface, an antireflective layer is created through formation
of subwavelength discontinuities [11-15]. In this case, the
EMR refraction index in the near-surface region of the layer
and in the interfacing air (vacuum) region are of similar
values (~ 1.0—1.1).

Nowadays, a wide range of physical and chemical
processes for fabrication of weakly reflecting coatings
is used, including a number of methods for deposition
and growing of carbon nanotube (CNT) arrays [10], ion-
plasma etching [3-5,12,14,15], lithographic methods [13],
deposition of low-density aerogel coatings and other porous
coatings [1,16] and growing of vertically-aligned carbon
nanotubes [6,10,17-19].

It should be noted that the emulation of natural func-
tions of extreme black and antireflective systems in living
organisms formed during evolution over many millions of
years provided several effective antireflective coatings [19—
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23].  This is particularly true for structured coatings
implemented using ,moth eye“ [19,22,23] or ,butterfly
wing” patterns [21]. In terms of optical characteristics, coat-
ings based on vertically-aligned CNT arrays (VANTA) are
currently the most effective anti-reflective systems in a wide
spectral range from the visible to far IR range [10,17,24).
The refraction index of the VANTA material in air is close
to 1 and its imaginary part is much lower than 1 [10]. Such
material may be treated as a composite material consisting
of a weakly reflective material and air.

However, these methods are not commercially applicable
due to some disadvantages of each of them. Materials
formed by ion and plasma etching cannot achieve the
adequate control level for uniform large-scale replication of
the structure. Aerogels have low mechanical resistance and
the issue of toxic effect of products used in their production
is critical. For single-walled carbon nanotube (SWCNT)
arrays grown vertically by the CVD method on substrates
with catalyst metal and having high anti-reflective properties
in a wide spectral range [6,17,19], the main shortcoming
is the complexity of growing process and low mechanical
strength of systems to be grown. The lithographic printing
method that uses special master molds is a well proven and
quite simple method that does not require any expensive
process equipment. However, fabrication of master molds
that ensure a material surface topology change takes a long
time and, therefore, constitutes a disadvantage because it is
impossible to define simultaneously the required parameters
for coating surfaces.

This study focuses on the surface structuring method
for fabrication of anti-reflective coatings using pulsed laser
radiation. The idea is in formation of a periodic structure
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Figure 1. TEM microphotograph of the Taunite-M MWCNT structure (left) and formed composite material (right).

on the feedstock surface by laser beam scanning according
a pre-set sequence with partial removal of material. Such
approach provides control of dimensions (width, depth,
degree of wall roughness) and spacing of the grooves
to be formed. The composite was fabricated from an
epoxy polymer filled with a pre-defined concentration
of multi-walled carbon nanotubes (MWCNT). Graphene-
like MWCNT structures ensure high EMR absorption
efficiency and allow volume absorbing meshes to be
formed in the used polymer [15]. Low cost of MWCNT
compared with single-walled CNT shall be also empha-
sized.

Experiment procedure

Fabrication of a structured coating featuring low absorp-
tion coefficient included two main procedures: fabrication
o a composite specimen from polymer with MWCNT
addition and then laser surface treatment of the composite
specimen. Six types of specimens were prepared. ED-
20 epoxy resin was used as the polymer base. Taunite-
M carbon nanotubes made by ,,NanoTechCenter* (Tambov,
Russia) were used as an additive. These multi-walled carbon
nanotubes have the inside diameter of 5—10nm, outside
diameter of 10—30nm and a length from 1 to 10um
(Figure 1), geometrical surface is > 160m?/g, thermal
stability is up to 600°C [25].

Preparation of the composite material itself may be
divided into 3 main stages.

1) Preliminary ultrasonic dispersion of multi-walled car-
bon nanotubes with 4 wt.% concentration in SAA alcohol
solution (100mM) to ,disentangle“ the CNT coils and
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prevent clustering as well as to ensure uniform nanotube
distribution throughout the composite material. The UP-
400St ultrasonic homogenizer was used for solution disper-
sion. The process was performed at 24 kHz with an output
power from 40 W to 80 W, with gradual increase in power
from the minimum to maximum level to minimize defect
formation in CNT and fragmentation.

2) Then the prepared solution was mixed with the epoxy
polymer and again subjected to ultrasonic treatment.

3) At the final stage, after long-term dispersion
(15—30min), a curing agent was added to the solution and
the finished specimen was polymerized in a drying cabinet
at 65—70°C.

Surface profiling was performed by the 50 Hz 1064 nm
pulsed Nd:YAG laser. Due to insufficient laser power
(up to 100mW) for burning a groove with the required
depth in one pass on the surface, multiple passes were
made in the same area to achieve the desired groove
dimensions. The factors behind the anti-reflective surface
properties of the composite material included: the pumping
energy E,, pulse frequency f, groove spacing h and laser
beam focusing (on the surface or in depth). These factors
ensure control of groove dimensions and shape as well as
of groove wall topology. To form the periodic structure,
parameters that provide the maximum depth, most uniform
composite-air interface and lowest cavity bottom width were
chosen — E, = 12.5 and 13 J, beam focusing in depth and
on the surface of the specimen, groove spacing h= 100
and 400 um. After burning all tracks on the specimen, dust
and composite spray particles that has accumulated during
profiling shall be removed from the grooves. As long as the
grooves are placed very close to each other and have small
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Figure 2. Schematic drawing of the specimen surface topologies: (a) topology of initial specimens, () topology of longitudinally profiled
specimens, (c) topology of mesh-profiled specimens.

3,a 3,b

Figure 3. Photographs of the prepared polymer specimens: 1,a — initial polymer, 1,5 — polymer filled with 4 wt.% Taunite-M CNT,
2,a, b — composite with groove-structured surface, Ep = 12.5J, 3,a, b — composite with pyramid-structured surface, E, = 12.51.

sizes, erosion products were removed from the near-surface surface morphology of the initial and laser treated composite

area by pressure air blowing method. were determined by the transmission and scanning electron
Structural characteristics of the initial MWCNTs, carbon microscopy using the Hitachi H-800 electron microscope
nanotube array distribution in the polymer matrix and and Hitachi H-8010 microscope, respectively. Reflectance
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Figure 4. SEM image of the groove side wall in the composite
material after laser treatment.

of the modified composite in the spectral range from 0.2 to
2.5um was recorded on the Lambdal050 spectrophotome-
ter with a mirroring module and in the range of 2.5—25um
on the Spectrum 3 Optica Fourier spectrophotometer.

Results and discussions

Figure 1 shows the TEM images of the initial Taunite-
M CNT array and of the composite specimen filled with
4 wt.% Taunite-M nanotubes. The TEM microimage of the
composite material shows a three-dimensional mesh of inter-
laced CNTs formed during fabrication and a polymer mesh
structure with a mesh size~ 10nm. Formation of a three-
dimensional mesh within the polymer corresponds to the
appearance of local regions that differ very much in electric
conductivity, which may induce multiple EMR rereflection
and refraction. Therefore, the fabricated composite will have
high incident radiation absorption efficiency. Such features
of EMR interaction with the composite materials have been
already observed in the literature [1,7,10,15].

As mentioned above, the anti-reflective layer on the
composite surface was formed by laser treatment with
software-controlled multiple laser beam passes on the
surface with the pre-defined groove spacing. The surface
treatment process was followed by creation of a system
of parallel grooves and further perpendicular treatment
produced pyramidal structures (Figures 2 and 3).

As mentioned above the geometrical parameters of the
grooves were controlled by the laser pumping energy, focal
distance and number of passes per groove. As a result,
a set of specimens with different topological parameters
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Thickness of formed specimens

Specimens Specimen thickness , mm
Epoxy polymer without MWCNT 25
Polymer with nanotube additives 32

Profiling conditions
Lines 1 (Ep = 12.5J) 295
Lines 2 (Ep = 13.0J) 24
Mesh 1 (E, = 12.57) 23
Mesh 2 (E, =13.07J) 24

was made in accordance with the laser exposure conditions
(Figure 3).

Laser treatment of the composite material provides
formation of cells with nonuniform shapes on the groove
and pyramid side walls with sizes from 100 nm to 500 nm.
Cells are air cavities surrounded by melted material areas
(Figure 4).

Such feature of the three-dimensional groove or pyramid
structure provides agreement of the EMR refraction indices
of the laser-treated composite and air, and increase in the
absorption efficiency due to multiple EMR rereflection on
the walls of the formed structures.

The table shows one of the geometrical parameters of
the specimens — specimen thickness. Thickness shall be
measured to determine the efficiency of EMR absorption
by the formed layers.

Note that laser treatment in the chosen conditions of
the initial polymer, ie. without adding carbon nanotubes,
does not lead to formation of grooves on the specimen
surface. Therefore the influence on reflectivity was not
replaced during profiling of the specimen surface without
adding carbon nanotubes.

Transmission spectra measurements in the epoxy polymer
without MWCNT (Figure 5,a) indicate low absorbance in
the spectral range of 0.5—2.2 um (transmits up to 50% of
radiation). At the same time, the transmission coefficient for
the specimens with CNT without laser surface structuring
does not exceed 0.04% (Figure 5,b) and are not higher
than 0.01% for the samples with profiled surface. This
quantity is the spectrometer detection limit, therefore the
actual values may be even lower. This indicates the role of
CNT in the EMR absorption processes in the spectral range
of 0.2—-2.5um.

Figure 6,a shows the measured specular reflectances
in the spectral range of 0.2—25um for composite spec-
imens with addition of 4wt.% carbon nanotubes with
structured surface by the pulsed laser irradiation method
with a structuring interval of h=400um. In a more
expanded scale in Figure 6,5 and 6,c shows the measured
reflectances in the range of 0.2—2.5um in two laser
pumping energy conditions (12.5J and 13J) and two
groove spacings (400 and 100um, respectively). Reflec-
tion spectra of the initial polymer (specimen N1) and
composite material filled with MWCNT (specimen N2)
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Figure 5. Transmission spectra of the initial polymer (a) and MWCNT-containing specimens (b): I — without laser treatment, 2 —
with surface treatment for the parallel groove topology, 3 — with treatment for pyramid formation.

without surface structuring are also shown for compari-
son.

MWCNT addition to the polymer provides significant
reduction of the reflectances throughout the examined
spectral ranges (Figure 6,a) and is particularly pronounced
for 0.2—2.5um (Figure 6,b,¢). At 10um, this decrease
achieves ~ 4 (Figure 6,a). In the spectral range of
0.2—2.5um, CNT addition to the polymer causes the
reflectance decrease by a factor from ~2 to ~ 3 (Fig-
ure 6, b). Composite surface structuring additionally reduces
the radiation reflectance (by a factor of ~ 3) to tenths of
percent depending on the laser irradiation parameters com-
pared with the composite without surface profiling in the
spectral range of 0.2—3 um (Figure 6,a). Minimum EMR
reflection throughout the range of 0.2—2.5um is observed
on specimen N¢ 4 with pyramid-like profiling at E, = 12J.
In the middle IR range (3—25um), a considerable effect of
near-surface structuring is also observed (Figure 6,a). Here,
reflectance reduction is equal to 1—2 orders of magnitude.
Whilst, reflection in the spectral range of 0.2—2.5um for
the specimens with structured surface does not exceed
0.5%, and only for specimen N3, the reflectance in the
range of 15—25um is at 1%.

In terms of reflectance reduction, pyramid-like laser struc-
turing of the composite surface has particular advantages
(Figure 6,c¢). Such influence of the type of structural
elements has been also found for specimens N5 and N6,
for which the reflected signal (0.03%) in the visible range
for the pyramidal mesh is 0.04% as weak as for the grooved
structures.

An important role of the groove spacing shall be also
emphasized. Reduction of the structuring spacing from 400
to 100 um (Figure 6,c) leads to significant decrease in the
reflected signal intensity and at the same time reflectance
equivalencies vary for various laser treatment conditions.

Formation of the special surface topology makes it
possible to reduce reflection by 1—2 order of magnitude

depending on the laser treatment conditions (Figure 6,c).
Thus, for specimen 3, the reflectance is not higher than 0.1%
in the visible (0.4—0.8 um) range and varies from 0.04%
to 0.07% in the near IR (1—2.5um) range (Figure 6,c).
For specimen 5, the visible range reflectance does not
exceed 0.07%, and in the IR range the reflected signal is
not recorded correctly at all due to inadequate spectrometer
sensitivity.

In terms of fundamental optics, ,,vacuum® in the near-
surface area of a solid body provides EMR reflection
suppression. According to the Fresnel law, light falling from
air (refraction index n, = 1.0003) normal to a solid body
surface with the refraction index n is reflected from the
surface with the reflectance R:

R= (n—ny)?/(n+no)%. (1)

Therefore, reflection is significantly reduced when the
refraction index of the body is close to that of air.
However, for most solid bodies, n > 1.4 (as an example,
or materials with low refractive index, in particular for
MgF, 1.38, for fluorine-containing polymers 1.3—1.4 [14]).
Therefore, the reflected signal intensity will be > 0.028
according to equation (1). By material density reduction
(by means of vacuum), this limit may be overcome due to
reduction of the electron density and, thus, of the dielectric
constant e. Since € ~ n?, then reduction of & leads to
a decrease in the refraction index and, thus, to reflection
suppression.

Conclusion

The results of this study show high efficiency of laser
treatment of a polymer-based composite material filled with
MWCNT for creating anti-reflective surfaces in a wide
spectral range (0.2—25 um). This is primarily formation of a
particular topology in the near-surface region of specimens

Optics and Spectroscopy, 2024, Vol. 132, No. 6
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Figure 6. specular reflectance of the initial polymer and
composite before and after laser surface treatment in the spectral
range of 0.2—25um. (a) N1 — initial polymer;, N2 —
composite without structuring; N3 — composite with groove-like
surface structuring (Ep = 12.5J, h = 400 um); N4 — composite
with pyramid-like surface structuring (Ep = 12.5J, h = 400 um);
N5 — composite with groove-like surface structuring (E, = 131,
h =400um); N6 — composite with pyramid-like surface struc-
turing (Ep = 13J, h=400um); (b) spectra for the same laser
exposure parameters in the expanded scale of the spectral range
0.2—2.5um; (c) spectra for the same laser exposure parameters
on the same composite, bur treated with a structuring interval of
100 ym.

that has a refraction index near one and ensures multiple
EMR rereflection and absorption. At the same time,
formation of microscopic discontinuities and cavities on the
groove and pyramid walls, and due to the intrinsic absorbing
properties of the Taunite-M MWCNT, performance of such
structured materials may be considerable improved. The

Optics and Spectroscopy, 2024, Vol. 132, No. 6

developed structured composite materials may be used to
form anti-reflective coatings for optical and optoelectronic
systems on aerospace vehicles as well as for similar ground-
based systems.
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