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Abstract: Broadband transparent films play a pivotal role in various applications such as lenses and solar cells,

particularly porous structured transparent films exhibit significant potential. This study investigates a porous SiO,

refractive index gradient anti-reflective film prepared by atomic layer deposition (ALD). A porous SiO, film with

gradual porosity was obtained by phosphoric acid etching of Al,05/SiO, multilayers with gradient ALO; ratios,

achieving a gradual decrease in refractive index from the substrate to the surface. The film exhibited an average

transmittance as high as 97.8% within the wavelength range from 320 nm to 1200 nm. The environmental adaptability

was further enhanced by surface modification using rare earth oxide (REO) La,0;, resulting in formation of a lotus

leaf-like structure and achieving a water contact angle of 100.0°. These data proved that the modification significantly

improved hydrophobic self-cleaning capability while maintaining exceptional transparency of the film. The surface

structure of the modified film remained undamaged even after undergoing wipe testing, demonstrating its excellent

surface durability.
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Broadband anti-reflective coatings exhibit remarkable
transmittance across a wide spectrum ranging from
visible to near-infrared wavelengths, finding extensive
applications in contemporary optical systems''™. The
film design of this material now predominantly relies on
a multilayer structure, with the typical fabrication
methods mainly including physical vapor deposition
(PVD)™ and chemical vapor deposition (CVD) techniques,
such as evaporation, sputtering, and plasma-enhanced
CVD. By utilizing the interference cancellation effect of
alternating films, typically high refractive index
materials (like ZrO, or HfO,;) combined with low
refractive index materials (like Al,O; or MgF,), an
anti-reflection effect is achieved. In comparison, the
reduction of reflection in gradient refractive index films
is achieved through low refractive index as well as the
elimination of interface between the film and substrate.
MgF, possesses a refractive index of 1.38, which is the
lowest among existing options. It is therefore desirable to
fabricate film materials with refractive indices lower than
that of MgF,. Thin film with porous structure can greatly

reduce its refractive index and have
application in flat-panel displays”, photovoltaics'® and
other optical systems, thus various porous films with
refractive index lower than 1.38 have been fabricated,
such as TiO,!"! and Si0,* 'Y,

Recently, Ghazaryan et a proposed the use of
ALD to prepare Al,O5/SiO, multilayers on a quartz
substrate, etched with
phosphoric acid to obtain a porous SiO, structure, but the
film was fragile. The refractive index of the structure was
reduced from 1.47 (the refractive index of the quartz
substrate) to 1.13, and Rayleigh scattering can be

neglected'Y. This porous SiO, film on quartz is

significant

| [1-13]

which were subsequently

equivalent to a monolayer anti-reflective coating, showing
an elevated transmittance. Simultaneously, the porous
structure altered the hydrophilicity and hydrophobicity
propertiest'*!¢
technique lies in its exceptional conformality and
repeatability, which greatly facilitates the precise coating

of multilayer anti-reflective films on curved surfaces
[17]

. One significant advantage of the ALD

such as cylinders or semicircular lenses
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The hydrophobic self-cleaning capability is another
important performance feature of broadband anti-reflective
materials used in foggy conditions, such as swimming
goggles. Applying a hydrophobic silane coating on the
surface is a commonly employed technique, however, its
efficacy may diminish following wiping!'®. REOs are
excellent surface modification materials. Azimi et al.!'***
reported that the entire REOs are inherently hydrophobic
and capable of withstanding high-temperature treatments
and severe friction. This occurs because REOs are highly
prone to adsorbing hydrocarbons in environments, which
reduces their surface energy!™>". The Yb,O5 film prepared
using ALD method exhibits a water contact angle of 95°
for a thickness of 20 nm upon exposure to ambient air®®).
Similar results were documented using lanthanide
REOs® ?°!. In addition, a lotus leaf structure is a widely
reported biomimetic hydrophobic architecture!>*.

In this study, Al,03/SiO, multilayers with gradient
Al,O; ratios were prepared using ALD, and a porous SiO,
film possessing gradual porosity was successfully
obtained after phosphoric acid etching. This film
exhibited a refractive index gradation and showed a
refined balance between its robustness and transparency,
achieving an average transmittance of up to 97.8% across
a wide wavelength band (320-1200 nm). To enhance the
self-cleaning capability as well as the environmental
adaptability of the film, a La,O; film with lotus leaf
structure was further deposited on the porous SiO, film
using ALD. The water contact angle of the film increased
from 5° to 100°, showing remarkable anti-fogging
properties. Additionally, it showed significantly better
environmental adaptability after wiping test in
comparison to the monolayer SiO, film, indicating that
this film is promising for application in precision optics
under harsh environmental conditions.

1 Experimental

1.1 Materialsand methods

SiO, glass of 99.99% purity was used as the substrate
and was cleaned in the ultrasonic bath for 10 min prior to
use. Al,05/Si0, multilayers and La,O; films were deposited
using an ALD equipment (TFS 500, Beneq, Finland).

The precursors trimethylaluminium (TMA), diisopro-
pylaminosilane (DIPAS) and La tris (N,N'-diisopro-
pylformamidinato) lanthanum (La(‘PrfAMD);) were used
for the deposition of Al,O3, SiO, and La, O3, respectively.
The preparation conditions are shown in Table 1.

The growth rates of the Al,0O3 and SiO, films were 0.1
and 0.085 nm per cycle, respectively. In this work, the
number of cycles of each SiO, layer was fixed at 7 and
the thickness was 0.6 nm, while the thickness of each
AlL)O5 layer was varied, with respective values of 0.6, 0.9,
1.2, and 1.5 nm. The ALO;/SiO, multilayers were
deposited at 350 C from repeated ALD cycles with a

gradient thickness ratio of 2/3/4/5 : 2 for Al,O5 to SiO,,
respectively, as illustrated in Fig. 1(a). After the ALD of
AL,O;/Si0, multilayers, the ALO; layer could be
selectively wet chemical etched in 85% H;PO, solution
at25 ‘C for 24 h, and a nanoporous (NP) SiO, layer was
obtained!'®!, exhibiting a graded porous structure, as
shown in Fig. 1(b).

La,0; film was deposited on the surface of NP SiO,
films. In the La,O; deposition process, plasma oxygen
(0,) was used for oxidizing the La-ligand”®!, with a
power of 60 W and a plasma time of 5 s, and the growth
rate was 0.1 nm per cycle. The thickness of La,O; film
was fixed at 20 nm. Plasma oxygen utilization effectively
suppresses the formation of La hydroxides, where
0O-La—0 bonding dominates the deposition of La, ensuring
compliance with the self-limiting nature of ALD",

1.2 Characterization

The microstructure of the anti-reflective (AR) system
was investigated using a field emission scanning electron
microscope (FE-SEM, Verios G4 UC, Thermo scientific,
America). The refractive index was measured using an
ellipsometer with an angle of 65° (V-VASE, J. A.
Woollam, America). The reflectance and transmittance
spectra were recorded using a UV-Vis-NIR spectro-
photometry (UH4150, HITACH, Japan). The water
contact angle test was performed using a fluorescence
spectrum analysis test platform (Fluoromax4, HORIBA,
Japan). The wipe resistance test was evaluated according
to the ASTM F2357 RCA tape friction standard test
methods using an RCA paper tape wear testing machine
(ZJ-7-1BB, ZHIJAI, China). The load is 55 g. The experimental

Tablel Preparation parametersof films

Material First rea'ctant First purge Second re.actant Second purge Depositionﬁ
(pulse time) (purge time) (pulse time) (purge time) temperature/ C
Al O, TMA (0.15 s) N, (1.55s) H,O (0.1s) N, (1.55s) 350
SiO, DIPAS (0.10 s) N, (1.5 s) 05 (1.05s) N, (1.5 5) 350
La,03 La(iPrfAMD)3 (0.10 s) N, (1.559) Plasma-O, (5.0 s) N, (1.559) 250
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(@ ALO,:Si0=5:2

Fig. 1 Diagram of the film structure
(a) Schematic diagram of the Al,0;/SiO, multilayers with gradient
Al Os5 ratios; (b) 3D structure of NP SiO, film with a gradient index

results quantified the number of standard rotations to
evaluate the extent of film damage following an equal
number of wiping cycles.

The porosity of the film is calculated by Equation (1):

p_ NI =N (1)
N? -1
where P represents the porosity of porous film, N,
represents the refractive index of glass, and Np represents
the refractive index of porous film""),

The SiO, glass substrate, NP SiO, films without and
with La,O; modification were subjected to steam and
frozen testing to
performance!'®’. Specifically, the samples were placed
above a petri dish containing boiling water. The
condensation of steam on the glass surface was observed
and photographed. Frozen testing was conducted by

evaluate their anti-fogging

placing the samples in a refrigerator at —18 C for 1 h
and then placed in the humid laboratory air. The
condensation of steam on the glass surface was observed
and photographed. The samples were placed in a
C-shaped pattern, and the transparency performance
could be visually observed after tests.

2 Resultsand discussion

2.1 Morphology analysis of NP SiO; films

Fig. 2 shows the surface morphologies of NP SiO,
films with different Al,O5/SiO, thickness ratios after
phosphoric acid etching for 24 h. In Fig. 2(a), with a
Al,03/S810, ratio of 2 : 2, the film exhibits a pore size
range of 6—8 nm in diameter. With the increasing Al,O;
ratio, the pore size increases gradually to 30 nm in
diameter, which interconnects and forms a porous
framework (Fig. 2(d)).

Fig. 3(a-c) show the cross-sectional FE-SEM images
of NP SiO, films after different etching times, ranging
from 3 h to 24 h. 85% H;PO, reacts with the film surface,
and etching proceeds gradually from top to bottom,
transforming the film into a porous structure. After a
24 h-etching process, the Al,O; is fully corroded,
resulting in the formation of porous silicon dioxide.

Fig. 2 SEM images after acid etching of Al,0,/SiO, multilayers
with thickness ratios at (a) 2 : 2, (b) 3:2,(c)4:2,and (d) 5:2

Therefore, a final etching duration of 24 h is selected.
During the etching process, the entirety of the AlOs
layer is eradicated, causing the collapse of SiO, layer and
the rupture of Al-O-Si bonds. This rupture facilitates the
formation of new Si—-O-Si bonds, resulting in the
reconfiguration into novel siloxane hydroxylation bonds,
thus transitioning into a porous structure. Due to
hydroxylation and reassembly, nanopores
interconnect, forming a porous network!'''%. In the
experiment, a SiO, layer is observed with a thickness

intricate

exceeding 0.9 nm and acts as a barrier, impeding the
reaction between H;PO, and AL,O; layers. Therefore,
another possibility is proposed. As depicted in Fig. 3(d),
when the silica layer is thin (e.g., 0.6 nm in this
experiment), a monolayer of silica does not completely
cover the surface. In certain regions within the silica
layer, a minor fraction of aluminum oxide atoms is
interspersed, compromising the ability of the silica layer
to fully impede with  phosphoric acid.
Consequently, phosphoric acid gradually reacts with the
underlying aluminum oxide layer throughout the stack
while leaving behind remnants of the silica layer.

In order to validate this perspective, the thickness of the

contact

SiO, layer in the Al,O3/SiO, films ranging from 0.3 nm to
1.5 nm was modified. The thickness of Al,O; layer was
fixed at 0.6 nm, and each Al,03/SiO, thickness ratio film
was deposited 10 times, followed by a 24-h acid etching
process. Fig. 3(e) indicates that the Al,05/SiO, films have
a thickness of 195 nm, with an acid etching depth of
65 nm. In this instance, the SiO, layer measures
approximately 0.9 nm in thickness. The result reveals that
the etching process comes to a complete halt when the SiO,
layer reaches a relatively substantial thickness (>0.9 nm).
The ALD method yields compact films, as illustrated in
Fig. 3(f). However, at reduced thicknesses, complete
coverage of the entire surface is not achieved, resulting in
some porosity on the film surface. With increasing
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Fig. 3 FE-SEM images of cross sections and diagram of films
(a-c) Acid etching for (a) 3, (b) 9 and (c) 24 h; (d) Schematic diagram of acid etching conjecture Al,04/SiO; layers; (e) Different thickness of
Si0, layer in ALL,O5/Si0, films after acid etching for 24 h; (f) Deposition diagram of SiO, layers with different thicknesses
Colorful figures are available on website

thickness, these small pores become effectively sealed.
2.2 Performance of NP SIO; films with graded
refractive index

Fig. 4(a) shows the refractive index of NP SiO, films
with different Al,0;/Si0, ratios after 85% H3;PO, etching
for 24 h. At a ratio of 2 : 2, the refractive index is 1.29,
corresponding to a porosity of 40%, as calculated using
Equation (1). As the Al,O; content increases, the
refractive index decreases. At aratio of 5 : 2, the refractive
index decreases to 1.14, corresponding to a porosity of
75%. The gradient film has an average porosity of 56%.

The results correlate with the morphologies in Fig. 2,
where increasing Al,O; content leads to larger SiO,
framework, larger pore size, higher porosity, and a
gradual decrease in refractive index. Fig. 4(b) shows the
transmittance of NP SiO, films with different Al,05/SiO,
ratios after phosphoric acid etching for 24 h. It can be
observed that the fixed refractive index of NP SiO, films
exhibits a single peak in transmittance, which is
relatively narrow. In contrast, the NP SiO, films with
gradient refractive index exhibit high transmittance
across a broad wavelength range of 320-1200 nm,
showcasing excellent wideband optical transparency.

100
130 | (@
1280 T 08
5126 8
-g o 9
E124 1 8
F122f £ o4
£ 1.20 - g Substrate
~ g9 —2:2
1.18 F & 22
4:2
116 B - 90 L :
5:2
Ll \. 08 72,3’4’5 D)
2:2 3:2 4:2 5 :2 Gradient film 400 600 300 1000
ALOYSIO; ratic > > H372 Wavelength / nm

Fig. 4 Performance of NP SiO, films with different A1,0,/SiO, thickness ratios
(a) Refractive index at 580 nm; (b) Transmittance curves. Colorful figures are available on website
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Fig. 5 shows the water contact angle (WCA) test result
of NP SiO, films with gradient refractive index, where
the water droplet spreads almost completely on surface,
maintaining a low WCA of less than 5° (4.5°+£0.5°). The
results indicate that this film exhibits excellent hydrophilicity,
which can be attributed to its porous framework and the
inherent hydrophilic nature of Si0,!"*"**),

2.3 Morphology and performance of La,Os-
modified NP SiO,films

Multifunctionality is also critical for practical engineering
applications such as energy harvesting and operation of
optical instruments in extreme climates or humid
conditions™”). In order to improve the film’s self-cleaning
capability and environmental adaptability, the deposition
of REOs on the surface of NP SiO, films is proposed
(Fig. S1)P”*!. Fig. 6(a) shows a cross-sectional view of
the film at a 45° inclination, with a 20 nm La,O; layer on
top and a graded refractive index NP SiO, film layer
below.

Fig. 6(b) presents the transmittance of surface-
modified films. The transmittance curve of
La,Os;-modified NP SiO, films does not exhibit a
discernible peak across the entire wavelength range,
resembling the observed trend of NP SiO, films. The
transmittance in the range of 600-1000 nm exhibits a
slight reduction compared to the NP SiO, films, but still
remains as high as 95%. This result indicates that the
films still possess wideband antireflection property after
La,0; modification.

Fig. 7(a, b) depict the planar morphology and WCA
test results of the La,O; film deposited directly on SiO,

Fig. 5 WCA test result of NP SiO, films

(a) 20 nm L3.203

Transmittance / %

O
oo

\©
(=

N=)
g
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glass. The La,0; film exhibits a film morphology with a
few particle aggregations, with sizes ranging from 20 nm
to 30 nm. The WCA is measured to be 83.0°+0.5°. In
Figs. 7(c, d), La,O5 is deposited on the NP SiO, films,
resulting in a particulate growth and agglomerated film,
leading to a WAC of 100.0°+0.5°, thus bestowing
hydrophobicity upon the film. The transformation of the
film into a lotus leaf-like structure leads to an increase in
surface roughness. This unique surface structure traps a
thin layer of air, resulting in a significant reduction in the
contact area between water droplets and the rough
surface. As a result, water infiltration into the surface
structure is effectively prevented™*** *). Moreover, the
REOs films absorb hydrocarbons in the air, lowering the
surface transforming the
431 Compared to the result

energy and film from
hydrophilic to hydrophobic
shown in Fig. 5, the WCA increased significantly from
less than 5° to 100°, thereby greatly enhancing the
of the modified film.

Additionally, the presence of a dense surface structure

hydrophobic  performance

effectively prevents airborne small particles from
contaminating the porous SiO, film. The hydrophobic
properties of the film are maintained even after 6 months
of exposure to ambient air.

Due to the inherent chemical characteristics of ALD
process, the substrate surface plays a pivotal role in ALD
fabrication. In cases where the initial growth surface is
not conducive to the reaction of the La precursor, growth
can only occur at specific sites, leading to a Volmer-
Weber in the

aggregation of La,04**4¢.

island growth mode and resulting

Fig. 7(e, f) show the fogging test results, including
freeze and steam tests. Under freezing conditions, the
Si0O, glass quickly fogged up, while the modified film
maintained a higher level of clarity. In steam test, the
Si0O, glass becomes visibly foggy, resulting in decreased
transparency, while the modified film forms droplets of
water, resulting in excellent transparency. The results

(b) R e
_ NP SiO, -

NP Si0/20nm La,0;
W
400 500 600 700 800 900 1000

Wavelength / nm

Fig. 6 Morphology and performance of the film

(a) 45° cross-section morphology of NP SiO; films with La,O; modification; (b) Transmittance curves of different samples
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®
SiO, glass

Fig. 7 SEM images and WCA test results
(a, b) La,0; film on SiO, glass; (c, d) La,05 film on NP SiO; films; (e, f) Fogging results of (e) freeze test and (f) steam test

indicate that the modified film exhibits exceptional
anti-fogging performance in freezing and steam tests
while maintaining excellent transparency.

Fig. 8 illustrates the wipe test results of the samples.
As shown in Fig. 8(a), the NP SiO, films without La,0;

leading to
QUM

modification show a loose structure,

noticeable tearing after 50 cycles of friction n
comparison, after an equal number of friction cycles, no
discernible traces of tearing are observed on the
La,03-modified NP SiO, films (Fig. 8(b)), indicating a
significant improvement in wipe resistance. The compact
structure of La,O; films prepared by the ALD method
enhances their structural integrity. Moreover, the spherical
morphology of La,O; particles might also reduce
resistance during surface wiping.

It is worth noting that in most hydrophobic coating
methods, such as applying a hydrophobic organic
compound onto a film, the surface compound is highly
susceptible to frictional wear, leading to a gradual

Fig. 8 Results of the wipe resistance test
(a) NP SiO, films; (b) La,O;-modified NP SiO, films; (¢) WCA test
result of La,0;-modified NP SiO, films after being wiped

decrease in surface hydrophobicity over time or after
wiping!"® **). However, REOs modified films exhibit
remarkable durability by maintaining a certain degree of
hydrophobicity even after being wiped due to their
exceptional ability to adsorb hydrocarbons from the
surrounding air and thereby reduce surface energy
(Fig. 8(c)). Consequently, these films can effectively
restore their hydrophobic properties through continuous
absorption of hydrocarbons even after experiencing

surface abrasion!* 2",

3 Conclusions

In this study, NP SiO, films with gradient refractive
index are proposed, along with their surface modification
using REOs by ALD. The refractive index gradient is
achieved on a single-layer film by varying the
Al,05/Si0, ratio and post-etching, resulting in significant
anti-reflection effects in a wide wavelength range of
320-1200 nm. After REOs modification, La,O; particles
are densely packed, forming a lotus leaf-like structure,
and by absorbing hydrocarbons from the air, the La,0;-
modified films achieve a WCA of 100°, significantly
enhancing the self-cleaning capability. Additionally, the
La,05-modified NP SiO, films exhibit excellent wipe
resistance and environmental adaptability.

Supporting materials

Supporting materials related to this article can be found
at https://doi.org/10.15541/jim20240433.
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The charge correction has been conducted utilizing the Regarding the La3d core level spectra, a splitting of the
C element (284.8 eV). Fig. Sl(a) showed wide-scan La*"3ds, and the La*"3d;, was observed. It has been
spectrum of the La,O; layer. La and O elements were reported the same split patterned peaks for the La3d

detected. In order to clarify the La valence state, peak emission profile, which can be attributed to configuration
fittings were performed as shown in Fig. SI(b). effects in the final state of La!' ™.
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Fig. S1  XPS spectra of La,0; layer
(a) Wide-scan spectrum; (b) La*"3d spectrum
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