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A B S T R A C T   

In this work, we investigated the transmission enhancement of a polycarbonate substrate (PC) at the beginning of 
the near-infrared part of the electromagnetic spectrum, by incorporating anti-reflective coatings (ARC) on the 
surface. Thin film ARC formed by combining layers of SiO2, TiO2, and SiNx were studied, and the influence of the 
layers thickness on the optical response of the systems was explored, with the objective of keeping the fabrication 
process simple, while maintaining high levels of light transmission. Moreover, we compare the results obtained 
with the thin film ARC with those for a more complex system formed by a hexagonal array of nanopillars. 
Transmission values close to 100% were theoretically predicted for both systems and experimentally measured 
with the thin film ARC. Additionally, we report a superamphiphilic behaviour for the thin film ARC studied 
experimentally, after contact angle measurements, which renders self-cleaning properties to the surface of the 
systems.   

1. Introduction 

Glass has been extensively used as the main material to fabricate 
optical components due to its mechanical properties, chemical inertness, 
thermal stability, and excellent optical transparency [1]. Although, new 
manufacturing routes have been shaped for using polymers with 
improved flexibility, high precision, and reduced weight of the final 
products. Polymers can be found more suitable for many industrial ap-
plications because they can reproduce or even overcome glass proper-
ties, and have the potential to reduce manufacturing costs. Furthermore, 
polymer substrates in which optical reflection is suppressed from the 
surface are essential for a broad range of applications, such as displays, 
windshields, photovoltaic cells, and light detector systems, as for 
example light detection and ranging (LiDAR) systems, to cite a few 
[2–4]. 

The demand for more sensitive, selective, and robust detectors 
pushes the natural optical transmittance levels of the materials to the 
limit. In order to further increase the transmittance of light, while 
reducing reflectance to a minimum, different strategies have been 
employed. These strategies rely on depositing thin film ARC on the 

surface of the material, as well as modifying their surface roughness by 
creating micro and nano-structures or generating nano-particles on the 
surface [5]. Thin film ARC are made of single-layer or multi-layer films 
with different refractive indices (RI), which reduces the reflection due to 
the destructive interference of the multiple wavefronts reflected at each 
interface [6,7]. The optimization of an ARC for a specific spectral region 
depends on the number, thicknesses, and optical properties of the 
selected materials, as well as on the type of substrate to be used. 

Multilayer ARC have been applied to glass optics for decades [5,8], 
with TiO2 and SiO2 being the most used materials, which are typically 
stacked in a layered structure with other materials such as ZnO, WO3, 
Cr2O3, VO3, Al2O3, and MgF2 [9]. On the other hand, studies that 
describe ARC on polymer substrates report that these systems may 
present thermal limitations, due to the low vitric point of the substrates, 
and that they also can interact with plasma which can lead to adhesion 
modifications [8]. Additionally, the transmission enhancement caused 
by quarter-wave coatings in the index-matching approach presents a 
theoretic limit imposed by the materials involved in the system. 
Increasing the number of layers and using different materials can 
overcome these difficulties, however, raising the costs of fabrication 
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[10]. 
Another approach for transparent ARC inspired by nature is the 

biomimetic moth-eye based on the presence of nanostructures on the 
surface [4,6]. This approach is efficient in order to reduce the reflection 
of light because a smooth RI gradient is created between the air and 
interface and, at the same time, self-cleaning properties are created on 
the surface [11]. Self-cleaning properties are of particular interest for 
coatings employed in outdoor areas or when it is necessary to remove 
contaminants, such as dust or microorganisms. 

In this work, we studied the enhancement of light transmission, at 
the beginning of near-infrared (NIR), through a PC substrate that can 
potentially be used to fabricate lenses for LiDAR systems. In one 
approach, the ARC are formed by thin layers of three different dielectric 
materials, namely SiO2, TiO2, and SiNx. Different arrangements of these 
thin films are used to generate a single layer and a double layer ARC on 
the surfaces of the polymer. We intended to increase the transmittance 
of light at the beginning of the NIR, with the central wavelength being at 
905 nm. First, we simulated numerically the optical structures, then we 
manufactured them, and finally, we measured their optical response. 
The study was performed in order to be easily scalable to the industry. 
Additionally, we also studied numerically the effects of modifying the 
upper surface of the PC substrate by introducing a hexagonal array of 
nanopillars (NP) on the transmission response of the system. The theo-
retical results obtained with the NP were compared to those observed 
with the thin film ARC systems. 

2. Methods 

2.1. Optical calculations 

The reflectance and transmittance intensities of the ARC systems 
under investigation were calculated using the open-source software, 
OpenFilters, developed by Larouche and Martinu [12]. The software 
uses the matrix method to calculate R and T. Here, no needle or other 
optimization algorithms were used. In the calculations, we considered 
substrates 2 mm thick and the thicknesses of the coatings were varied 
around λ/4 for each system. The central wavelength (λ0) was 905 nm. 
The surrounding environment was air, with RI (n) and coefficient of 
extinction (k) being 1 and 0, respectively. Three different configurations 
were considered for thin film systems, which are illustrated in Fig. 1. 
They consist of: a single layer of SiO2 on both faces (ARC1); a double 
layer of TiO2+SiO2 on the front and a single layer of SiO2 on the back 
(ARC2); and a double layer of SiNx + SiO2 on the front and back of the 
polymer surfaces (ARC3). 

The asymptotic values of n for the materials used in the different 
layers are shown in Table 1. These values, employed in the numerical 
calculations, were obtained experimentally from ellipsometric mea-
surements using the test samples described in Section 3.2. Once again, 

the corresponding values of k were negligible. The system was illumi-
nated by a non-polarized white light source, CIE-D65, at normal inci-
dence angle, and the transmission signal was collected at the same angle 
by a detector, CIE-1931, within the range of 200 nm–1200 nm. 

For the system composed of NP on the surface of the polymer sub-
strate, the transmission intensities were obtained using a 3D Finite- 
Difference Time-Domain (FDTD) method using the software Ansys 
Lumerical. The structure consisted of a hexagonal array of PC NP, with 
height (H), radius (r), and pitch (a) on the top of a 2 mm thick PC 
substrate. The simulations were done considering one unit cell of the NP 
array. Moreover, the mesh size was of 10 nm along the xyz axes, defined 
after convergence tests. A simulation time of 200 fs, a planar wave 
source and a power detector within the range of 500 nm–1000 nm were 
used, and 200 data points were collected. The RI data of the PC 
measured experimentally (section 2.3) was used in the simulations and 
fitted by the software with a standard RMS error of 0.0015. 

2.2. Experimental tests 

PC substrates (LupizetaTM EP5000 from Mitsubishi), shaped in the 
form of 2 mm thick flat discs and 5 cm in diameter, were fabricated by 
injection molding and used to accommodate the thin film ARC. With the 
objective of enhancing the transmission of the light through the PC 
substrate, while maintaining the fabrication process simple, we experi-
mentally studied the same 3 optical systems investigated in the nu-
merical simulations, which are illustrated in Fig. 1. 

For all coating depositions, the PC substrates were mounted on 
support silicon wafers. Both SiO2 and SiNx were deposited using a 
plasma enhanced chemical vapor deposition (PECVD) system (SPTS), 
whereas the TiO2 layer was deposited using an RF magnetron confocal 
sputtering system (KS1000, Kenosistec). 

The PECVD tool employed is typically used for depositing a multi-
tude of thin films on silicon substrates at 300 ◦C, but in this work, we 
decreased the operating temperature of the tool to 100 ◦C, which is 
below the glass transition temperature of the polymer used. The system 
has a duality of RF operation modes, and the deposition of the SiO2 was 
performed using high frequency (HF) at 13.56 MHz and 30 W, whereas 
SiNx was deposited in low frequency (LH) at 380 kHz and 60 W. The 
deposition of the SiO2 occurs at 900 mTorr and the flow rates of the used 
gases are: 1420 sccm of N2O, 392 sccm of N2, and 10 sccm of SiH4. For 
the deposition of the SiNx, the base pressure is 550 mTorr and flow rates 
of the gases are: 40 sccm of SiH4; 20 sccm of NH3 and 1960 sccm of N2. 

Fig. 1. Schematics of the three different optical systems investigated: (a) ARC1 – a single layer of SiO2 on both faces of the polymer; (b) ARC2 – a double layer of 
TiO2+SiO2 on the front polymer surface and a single layer of SiO2 on the back; (c) ARC3 – a double layer of SiNx + SiO2 on the front and back polymer surfaces. 

Table 1 
RI of the polymer and coatings used.   

PC TiO2 SiO2 SiNx 

n 1.65 2.14 1.41 2.03  
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Prior to the deposition on the polymer substrates, we calibrated the 
deposition rate using silicon substrates and measured the film thick-
nesses using interferometry (OPM/Nanocalc UV-NIS, Ocean Optics). 

The sputtering deposition of the TiO2 layer was carried out at room 
temperature (~ 21 ◦C), with the vacuum chamber being pumped down 
to a base pressure of 6 × 10− 7 mbar and the process performed at a 
power of 60 W, using a high purity 2-inch diameter target of TiO2 (purity 
of 99.99%, provided by Testbourne) in an argon plasma at a pressure of 
1.4 × 10− 2 mbar. The flow rate of argon was kept constant at 20 sccm. 
The distance between the substrate and the sputtering target was 20 cm 
and the substrate was rotating at 10 rpm. 

2.3. Characterization of the ARC 

The experimental test samples were characterized using an ellips-
ometer (model M− 2000, J. A. Woollam) in the range of wavelengths 
from 375 nm to 998 nm. The polarization-related parameters, Δ and φ, 
obtained from the ellipsometric experiments were adjusted using the 
software of the manufacturer, named CompleteEase. The generated 
dispersion curves were modelled applying the Cauchy formula param-
etrized by the B-spline model. 

Transmittance experiments were done using a UV-VIS-NIR spectro-
photometer (Lambda 950 from PerkinElmer), firstly on the bare sub-
strates, and after on the samples with the ARC. All measurements were 
performed within the range of 250 nm–1000 nm in steps of 5 nm. The 
UV-VIS part of the spectrum was detected using a photomultiplier de-
tector with an accumulation time of 0.2 s and automatic gain. The NIR 
part was detected by an InGaAs detector with an accumulation time of 1 
s and a gain of 15. 

Static contact angle measurements were carried out using a drop 
shape analysis system (DSA-100, Krüss GmbH). For that, 5 μl droplets of 
deionized water and sunflower oil were deposited on the surface of the 
test samples and images were immediately recorded. Measurements 
were done at a controlled temperature (21 ◦C) and relative humidity of 
45%. 

For the morphological characterization of the different layers of the 
ARC samples and their thickness, we used the Scanning Electron Mi-
croscope/Focused Ion Beam (SEM/FIB) Cross-beam 550 (Carl Zeiss). We 
first deposited a thin and rough layer of Au (5–10 nm) by sputtering (Bio 
Rad E− 5000 Polar Division). This step is to ensure a smooth cross- 
section, preserving the integrity of the different layers, avoiding 
charging effects due to the insulating nature of the inspected materials. 
After this preliminary step, it is programed FIB milling processes to 
produce fresh slides of the different samples for SEM inspection. We used 
an ion beam of gallium at 50 pA and 30 kV to perform the FIB cuts. The 
sample is positioned at 54◦ to have the ion beam perpendicular to the 
surface of the sample and the SEM column at 36◦ for real time inspec-
tion. The SEM conditions were low voltage (3 keV) and small current 
(100 pA) to reduce charging. The images can be seen in Fig. 2. 

After the depositions, measurements done by contact profilometry, 

ellipsometry, and FIB/SEM returned an average thickness of 80 nm for 
TiO2, 80 nm for SiNx, and 180 nm for SiO2. 

3. Results and discussion 

3.1. Surface wettability 

Static contact angles of water (WCA) and oil (OCA) were measured 
before and after the fabrication of the three ARC studied. In Fig. 3 and 
Fig. 4 we present the images acquired for the static contact angles 
measurements using drops of water and oil, respectively. 

The results obtained from the WCA measurements confirm that the 
polymeric substrate presents a quasi-hydrophobic behaviour, since the 
WCA is close to 90◦ (Fig. 3a). Although, when any of the three ARC was 
deposited on the polymer surface, the wettability of the surface changes 
drastically and it is no longer possible to measure the water contact 
angle (WCA≈0), rendering superhydrophilic characteristics to the sur-
face (Fig. 3b–d). Note that a superhydrophilic surface, which is char-
acterized by contact angles below 5◦, spreads water droplets to form a 
film throughout itself, allowing the light waves to pass through [13] 
and, at the same time, rendering self-cleaning properties to the surface, 
which from the point of view of LiDAR detectors is very advantageous. 
Similarly, the three ARC investigated also revealed superoleophilic 
behaviour with OCA below 5◦ as observed in Fig. 4. Such surfaces that 
enable the total spreading of water and oil droplets are defined as 
superamphiphilic surfaces and have a great potential for different ap-
plications. They are attractive for anti-fogging, self-cleaning and 
anti-fouling coatings, because oily contaminants can easily be removed 
by a stream of water [14,15], and have particular potential for inhibiting 
the adhesion of microorganisms in liquid media. Inspired in the leaf of 
Ruellia devosiana, a plant that exists in nature with amphiphilic prop-
erties, various studies have investigated artificial surfaces with similar 
properties. Examples rely on coatings based on TiO2 [16] and meso-
porous SiO2 [17]. Nevertheless, the production of a superamphiphilic 
coating still remains a challenge. It is worth mentioning that the 
amphiphilic properties of the coatings developed in this work remained 
unchangeable for one year of experimental testing, conferring 
long-lasting amphiphilic properties. 

3.2. Effect of coating thickness 

The experimental deposition of ARC layers with precise thicknesses 
relies on many parameters, being sometimes challenging to control. For 
this reason, it is important to study systems that show reasonably high 
transmission levels even when deviations in the final deposited layers 
are observed. We investigated numerically the role played by varying 
the thickness of the ARC layers and the effect of that on the optical 
response of each system. The transmission values of the ARC with 
different thicknesses were compared to those calculated considering λ/4 
layers. 

Fig. 2. Cross-section SEM/FIB images of the front faces of the ARC. (a) SiO2 on the top of the PC substrate, ARC1. (b) TiO2 + SiO2 on the top of PC substrate, ARC2. (c) 
SiNx + SiO2 on the top of PC substrate, ARC3. 
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For the case of the ARC1 the theoretical maximum transmittance 
corresponds to a SiO2 λ/4 layer of 160 nm. In order to understand the 
effect of varying the layer thickness on the light transmittance, we 
varied concomitantly the thickness of the front and back SiO2 layers 
from 100 nm to 220 nm. Fig. 5 shows a transmission intensity map as a 
function of the front and back layer thickness (L). 

It is noticeable from Fig. 5 that the maximum transmission intensity 
changes with the thickness of the layers, as previously observed by 
Sayed et al. [18] in ARC systems of silicon oxynitride (SiON) and SiO2 on 
silicon substrates. Thinner layers move the transmission intensities to-
wards the small wavelengths, and on the other hand, thicker layers move 
them towards the higher wavelengths. Using a monolayer of 260 nm of 
SiO2 deposited by sol-gel on the top of glass substrates, Yadav and Kim 
[19] have observed transmission of 95% in relation to the 90% of the 
bare substrate in the visible range of the spectrum. In our case, at the λ0, 
it is observed 98.3% of transmission for the layer Lλ/4 = 160 nm. 

Fig. 6a shows the transmission spectra for the same optical system 
composed of the substrate and ARC1 with different thicknesses. The 
absolute difference (Δ) between the transmission of an optical system 
with a λ/4 layer (Tλ/4) and other thicknesses (TL) is shown in Fig. 6b for 
the central wavelength. 

It is interesting to note that a variation in the thickness of the ARC of 
±20 nm, corresponding to ±12.5% of the ideal optical one-quarter 
wavelength in relation to the layers L3 and L5, leads to a small devia-
tion of 0.005 in the transmission of light. In practical terms, deposition 
rates can vary between processes, due to the variations in a parameter 

such as pressure, temperature, power, or bias voltage. However, these 
results show a relatively large tolerance in the transmission intensity 
regarding the variation of thicknesses of the layers. Similar observations 
were reported by Matsuoka et al. [20] concerning ARC for mid-infrared 
systems, formed by depositions of very thin films of zinc sulphide (ZnS), 
yttrium fluoride (YF3) and germanium (Ge) on indium phosphate (InP) 
substrates. The authors theoretically show that including 5% of random 
variations in the thickness of the films generated less than 1.5% of 
changes in the reflection of the systems. 

Additionally, we studied the optical system composed of the polymer 
substrate and the ARC2 and the transmission spectra were accessed. 
TiO2 + SiO2 coatings are largely used in photovoltaic systems to increase 
the transmission and thus the power generation capacity. For instance, 
Zambrano et al. [21] fabricated a broadband ARC formed by two double 
layers of TiO2 + SiO2 deposited on a glass substrate solar cell. They 
obtained approximately 100% of transmission in the range between 550 
nm and 750 nm using combinations of λ/4 and λ/2 layers. In our case, 
the λ/4 thicknesses of the TiO2 and SiO2 layers were 105 nm and 160 
nm (Lλ/4), respectively. The calculations were done following the same 
protocol used for the ARC1 system. Fig. 7 shows an intensity map of the 
transmission as a function of the thickness of the layers. In this case, the 
TiO2 thickness varied from 20 nm to 120 nm (front face) and the SiO2 
from 120 nm to 220 nm (both faces), both in steps of 20 nm. At λ0 the 
highest transmission values are observed for the layers L3, Lλ/4 e L5, with 
intensities of 97.2%, 96.5%, and 96.9%, respectively. 

Fig. 8a compares the transmission spectra obtained for the bare 
substrate with those obtained for the substrate and the ARC2 with 
different thicknesses. At the central wavelength, it is observed the gain 
on transmission levels for almost all thicknesses of ARC2, except for the 
thickest, L7. 

The results in Fig. 8 reveal that the transmissions at λ0 for L3 and L5 
layers are very close to that for λ/4. This can be seen in more detail in 
Fig. 8b, where the absolute intensity variation of L with respect toλ/4 as 
a function of the thickness is plotted. As can be observed, Δ is practically 
negligible for thicknesses L3 and L5 in relation toλ/4. 

Similarly, we performed the same analysis for the ARC3 system. In 
Fig. 9 we show the transmission map as a function of the thicknesses of 
different layers. In this case, the λ/4 layers are 124 nm and 160 nm, for 
SiNx and SiO2, respectively. The corresponding intensity is designated in 
the map as Lλ/4. The same shifting behaviour in relation to the coating 
thicknesses was observed. In this configuration, the higher values of 
transmission are 99.1% for L3, 99.9% for Lλ/4, and 99.8% for L5. ARC of 
SiNx + SiO2 have been reported in the literature showing very high 

Fig. 3. Images of WCA on the surface of the: (a) bare substrate; (b) thin film of SiO2 (ARC1); (c) thin film of TiO2+SiO2 (ARC2); and (d) thin film of SiNx +
SiO2 (ARC3). 

Fig. 4. Images of OCA on the surface of the: (a) bare substrate; (b) thin film of SiO2 (ARC1); (c) thin film of TiO2+SiO2 (ARC2); and (d) thin film of SiNx +
SiO2 (ARC3). 

Fig. 5. Transmission intensity map as a function of the thicknesses of the SiO2 
layers. The dashed line shows the position of λ0 = 905 nm on the map. 
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transmission values. For instance, Zeng et al. [22] reported the obser-
vation of 98% of transmission in silicon windows coated on both sides 
with two periods of SiNx + SiO2 layers in the wavelength range from 8 
μm to 12 μm. Neander et al. [23] have increased the transmission of 
glass substrate solar cells by applying an ARC formed by two pairs of 
SiNx + SiO2 layers on one side of the substrate. The transmission of the 
uncoated solar cells samples was 90%, being increased to 95% after the 
coating application in the NIR range of the electromagnetic spectrum. 

We also compared the transmission intensity of λ/ 4 and the other 
coating thicknesses considered in the calculations. Fig. 10a shows that 
an enhancement in the transmission is observed for all the configura-
tions in ARC3. The thicknesses L3, and L5 show comparable transmission 
values as that for thickness λ/4, exhibiting an absolute difference Δ close 
to zero, as can be seen in Fig. 10b. 

3.3. Comparison between calculations and experimental measurements 
using the thin film ARC 

After the calculations, we deposited the three ARC on the PC sub-
strates and the experimental transmissions of optical systems were 
measured. The results obtained are shown in Fig. 11. It is important to 
note that for the depositions of the films, we considered the thickness L5 
for all the three ARC. 

In Fig. 11, we can see that the light transmission is enhanced for all 
the fabricated ARC systems. The most efficient is the ARC3 system, 
exhibiting a measured transmission of 99.1% at λ0, followed by ARC1 
with 97% of transmission, and ARC2 with 96% of transmission, in good 
agreement with the numerical simulations. To further attest this, Fig. 12 
compares the experimental and numerical results for each of the ARC 
systems. In this cases, the calculations were performed taking into 

Fig. 6. (a) Transmission spectra for bare PC substrate and with different SiO2 layers thicknesses. (b) Absolute variation between transmissions at λ0 nm for λ/ 4 layer 
(Tλ/4) and other layer thicknesses studied (TL). 

Fig. 7. Transmission intensity map as a function of the thicknesses of the layers 
for the ARC2 system. The dashed line is a guide to the eye and marks the 
λ0 position on the map. 

Fig. 8. (a) Transmission spectra for bare PC substrate and for different front and back layer thicknesses. (b) Absolute variation between transmissions at λ0 for λ/4(Tλ/ 

4) layer and the other layer thicknesses (TL). 

Fig. 9. Transmission intensity map as function of the thicknesses of the layers 
for the ARC3 system. The dashed line is a guide to the eye and marks the 
λ0 position on the map. 
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account the average thicknesses experimentally measured, namely 180 
nm for SiO2, 80 nm for TiO2, and 80 nm for SiNx. 

Once again, a good agreement was observed between the measured 
and calculated spectra at the wavelength of interest, as shown in Fig. 12. 
In particular, at 905 nm the relative difference between the measured 
and calculated transmission is negligible, being lower than 1%. It is 
important to highlight that the developed ARC accomplish with one 
objective of the present work, which relied on keeping the fabrication 
process simple, once a low number of layers was used to achieve high 
values of transmission, using deposition techniques that are already 
available and applied in industry. Furthermore, the ARC describe here 
are amphiphilic, which in other words, present self-cleaning properties 
making them interesting to be applied to parts subject to outdoor con-
ditions, such as, lenses of LiDAR systems [4]. 

3.4. Theoretical comparison between ARC: thin films vs. NP 

We also investigated a simple nanostructured system formed by a 
hexagonal array of circular NP to improve the transmission of the PC 
substrate. A variety of micro and nanostructures, able to suppress the 
reflection of light from different substrates, such as glass, polymers, 
silicon, and others, has been proposed in the literature. These include 
biomimetic nanostructures, as the moth-eye [24], as well as gratings 
[25], micro and nano textures [26], and NP [27]. 

In this study, the array of NP is thought to behave as an ARC with an 
effective RI (Neff), defined by Neff =

̅̅̅̅̅̅̅̅̅̅̅n0 ns
√ , where n0 = 1 (RI of the air) 

and ns = 1.65 (RI of the PC) at λ0. Thus, as a first assumption, the height 
of the NP array can be defined similarly to the thickness of an thin film 
ARC by:H = λ0/4 Neff . In addition, to define the parameters a and r, we 
applied the effective medium approximation, therefore relating the 
volume fractions (f) of the air and the PC within the unitary cell of the 
NP array (see inset of Fig. 13a) to the Neff: 

Neff = f .ns + (1 − f ).n0 (1) 

As f is related to the geometrical parameters of the NP, the relation 
between a and r is derived asr = 0.35a. As a starting point for the ge-
ometry of the NP array, among other options, we selected a = 600 nm, 
which renders r = 210 nm, and from the first assumption, H = 175 nm. 
In Fig. 13a, we show the resulting transmission of a system with this 
configuration, at λ0. As expected, a high transmission of T = 99.9% was 
found. In order to better understand the optical behaviour of the current 
system, variations of H, r, and a were taken around the three values 
chosen previously. The results are shown in Fig. 13b–d. 

Fig. 13b exhibits the transmission response of the system upon the 
variation of the radius of the NP, keeping constant H and a. In this case, 
H and a were 175 nm and 600 nm, respectively, and the radius changed 
from 0 to 350 nm in steps of 25 nm. It can be seen that the highest values 
of the transmission (≈99.9%) at the wavelength λ0 are observed within 
the range of r = 175 nm to r = 250 nm, approximately. 

Fig. 10. (a) Transmission spectra for bare PC substrate and for different front and back layer thicknesses. (b) Absolute variation between transmissions at λ0 for λ/ 4 
(Tλ/4) layer and the other layer thicknesses (TL). 

Fig. 11. Transmission spectra obtained for all optical systems studied. The 
black line represents the transmission of the bare substrate. Red, green, and 
blue lines represent the transmission spectra for ARC1, ARC2, and ARC3, 
respectively. 

Fig. 12. Comparison between measured and calculated transmissions for the 
three ARC systems studied. Black symbols represent the measured transmissions 
(TMeasured); the blue lines represent the transmissions calculated (TCalculated) 
using the average thicknesses. The dashed line represent the wavelength of 
interest, 905 nm. 
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Then, a second sweep was done by fixing the values of r and a, and 
varying H. In this case, r = 210 nm and a = 600 nm, respectively. H was 
varied from 0 to 1000 nm in steps of 50 nm. Fig. 13c shows that at λ0 the 
values of T ≈ 99.9% can be observed for 175 nm, 480 nm and 800 nm, 
within the scanned range. 

Lastly, a sweep of the values of a from 100 nm to 1000 nm was 
performed, in steps of 50 nm, while keeping H = 175 nm and r = 0.35a, 
respectively. As can be seen from Fig. 13d the transmission at λ0nm is 
enhanced to T ≈ 99.9% for different combinations of r and a. 

A direct comparison between these results when using the NP and the 
best result obtained using the thin films ARC3, demonstrates that 
the highest transmission values found for both approaches are very 
similar. For the ARC3, we found that Tλ/4 = 99. 9% (calculation) and 
Tλ/4 = 99.1% (measurement), and when NP are used, a transmission 
value of T = 99.9% was calculated (H = 175 nm, r = 210 nm, and 
a = 600 nm, for instance). In addition, if we take into consideration that 
a manufacture scalable process is essential, and since comparable results 
were obtained from both approaches, then it is important to highlight 
that the fabrication of the NP on the surface of the polymeric substrate is 
much more complex and consequently makes the solution composed of 
thin films much more attractive for the production of ARC. 

4. Conclusions 

This study aimed to enhance the transmission of a polymeric sub-
strate using ARC, either formed by the deposition and combination of 
thin layers of SiO2, TiO2, and SiNx, as well as nanostructures on the 
surface. The ARC were calculated to work at the initial NIR part of the 
electromagnetic spectrum, with 905 nm as the central wavelength. Since 
the experimental techniques employed for the deposition of the thin 
films are compatible and scalable to industry, the investigated ARC are 
intended to be used in the manufacturing processes of optical lenses for 
LiDAR systems. In this sense, we investigated numerically and experi-
mentally the transmission of the ARC considering thicknesses different 
from the theoretical λ/4 value. The numerical results revealed that these 
systems present good tolerance to variations of the thickness, with 

calculated transmissions above 99%, even when the thicknesses of the 
layers varied by 12%. Additionally, we compared the results obtained 
with those for a system formed by a hexagonal array of NP and observed 
that the optimized transmission intensity achieved with these nano-
structures is similar that found for the thin film ARC. Furthermore, the 
experimental results are in good agreement with numerical predictions, 
demonstrating transmission values as high as 99%. WCA and OCA 
measurements revealed that the surface wettability of the polymer 
substrate becomes superamphiphilic after the depositions of the ARC, 
rendering to the studied systems possible self-cleaning properties. 
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