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Abstract
The functionality and durability of nanostructured alumina coatings exposed to atmospheric icing has
been assessed to probe their usability in practical applications and to estimate the need for further
development of the coatings. In particular, the changes in surfacemicrostructure and in optical
performance aswell as in thewetting characteristics of the surfaces are reported.Without a
hydrophobicity treatment the alumina nanostructures are superhydrophilic and do not endure large
environmental changes.Hydrophobicity treatedfluoropolymerized nanostructured alumina provides
characteristics with partial anti-icing capabilities, enhanced durability, and excellent transmission
levels of>95%, but the performance degrades in cyclic icing/de-icing. However, the hydrophobic
nanostructured alumina outperforms both the nanostructured and planar alumina coatings and
possesses increased durability and stability even under harsh conditions, such as the atmospheric
icing. This indicates a clear need to use a hydrophobicity treatment for the nanostructured alumina
antireflection coatings to be used in any environments. Therefore, its utilization in applications where
little or occasional exposure to icing or other humidity and temperature changes is favorable over
standard planar coatings. Further process optimization of the hydrophobicity treatment is still needed
for better durability for cyclical icing exposure.

1. Introduction

Theuseof nanostructured alumina antireflection coatings (ARC)have lately attracted scientific attention [1–7]owing
to the simple and low-cost fabricationmethod,where an amorphous alumina thinfilm is nanostructuredby aheated
deionizedwater (DIW) treatment. Theproven suitability of themethod for general optics and applications [2, 4] and
solar cell coatings [1, 3, 5]makes this approach an appealing alternative to the establishedmethods for fabricating
nanostructuredbroadbandARCs,which generally speaking aremore laborious [8–16].Onglass surfaces the
nanostructured aluminaARCshave enabled an average transparency as high as 99%at visiblewavelengths [1, 2]on
both sides coated substrates. Furthermore, it is possible to combine thenanostructured aluminawith conventional
planar coatings to expand the spectral bandwidthof the lowreflectivity and tomatch the refractive index tohigh
index substrates such as semiconductors [2, 3]. As alumina canbe conformally deposited by atomic layer deposition
[1, 17–19] andplanarly by anyphysical vapor depositionmethod [2, 20–23]or sol-gelmethod [6, 24–27], it is
applicable to any typeof surface. To increase the stability of thenanostructures, superhydrophobicity treatments are
often applied [28–34]. These are typically basedonproviding an additional low surface energy polymer, such as
organosilane [6, 28, 30],fluoropolymer (PTFE) [28, 32, 35], or polydimethylsiloxane (PDMS) [29, 34]on topof the
nanostructures. Similarly,wehaveused afluoropolymerizationbyCHF3plasma topotentially enhance thedurability
of the coating [5].However, the search for other polymers is still active becauseCHF3 is a potent greenhouse gas [36],
while thefluoropolymersbringpotential health and environmental risks [37, 38],making it non-compatible for large
scale applications.
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When used in solar panel cover glasses [6] and solar cells [39], the coatings are often exposed to ambient
conditions inwhich both humidity and temperature variations can cause degradation of the optical and
mechanical properties. Therefore, it is necessary to test the durability of the nanostructured aluminaARCs and
evaluate their long-term stability for real-life applications. As the atmospheric icing, a state inwhich surface
exposed to super-cooledwater droplets accumulates ice, is one of the harshest environmental conditions and
can lead to extensive structural damage for the surfaces, we have chosen to test the nanostructured alumina
under these conditions to promote accelerated aging andwear on the coatings. It is expected that the
hydrophobicity treated nanostructures will not act as a permanent anti-icing coating [40–42] due to the frost
formation via condensation [43, 44], whichwill wear out the nanofeatures on the surface [45]. The comparison
should, however, reveal the differences between the coating types, the regular planar film, the bare
nanostructure, and thefluoropolymer coated nanostructure, and showwhether a hydrophobicity treatment is a
necessity for the durability of the alumina nanostructures.

Wefind it crucial to investigate the stability of the nanostructured aluminaARCs to enable their use in
practical applications and to assess the need for further development of the coatings. To this end, we fabricated
nanostructured aluminafilmswith andwithout theCHF3 hydrophobicity treatment and compared their
performance to planar aluminafilms on glass and silicon. Thefilmswere exposed to the atmospheric icing in an
icing laboratory, characterized prior and after the ice accretion, and a centrifugal adhesion test was implemented
to investigate the durability of the coatings under these conditions.

2.Methods

2.1. Alumina deposition and coatingmodifications
A test series of 25 nm thickAl2O3filmswasdeposited ondiced siliconwafer pieces (0.5 mm×30mm× 35mm)
and glass slides (0.5 mm× 30mm× 35mm)using aNavigator 700 sputtering system (CuttingEdgeCoatings
GmbH). Sputteringwas performedusing anAr:O2mixturewith theflow rates of 8 sccm to5 sccm, respectively. The
deposition tookplace in a reactiveO2 atmospherewith a pressure of 4.5× 10−4mbar.A 200×200mmaluminum
platewith apurity of 99.999%wasused as the target. The sputtering voltagewas 1.26 kV, and theRFpower of the ion
sourcewas 102W.During thedeposition, the sample holderwas rotated at 60 rpm to guarantee uniformdeposition.

One third of the samples were examined as deposited and they are referred as ‘Plano’ samples. The rest of the
samples were immersed in a non-stirred heated (90 °C)DIWbath for 30 min to produce the nanostructured
Al2O3.More detailed description of the nanostructuring process can be found in the [2]. Half of theDIW treated
samples were investigatedwithout further processing and are referred as ‘Nano’ samples. The remaining third of
the sampleswere fluoropolymerized [5] to provide hydrophobicity by using a reactive ion etcher (RIE)
Plasmalab 100 (Oxford Instruments PlasmaTechnologyGmbH). The polymerizationwas donewithCHF3
plasma (50 sccm, 100mTorr, 50W) for 7 min. This third of the samples is further referred as ‘Fluoro’ samples.
Figure 1 provides an overview of the fabrication steps for the sample series. Each of the sample types comprised
four similar samples for statisticalmeasurements.

In addition to the naming by the coating type (Plano,Nano, Fluoro)we also refer to the substrate in question
as silicon (Si) and glass to distinct the differences between the coated surface types.

2.2. Ice accretion and centrifugal adhesion testing
For icing tests, amixed glaze type icewas accreted by using an icingwind tunnel (IWiT) at TAU/Ice Laboratory.
A centrifugal ice adhesion tester (CAT)was used for ice adhesionmeasurements [46]. Both test systems have
been placed in cold climate room,where the temperature was−10 °Cand relative humidity was∼80%.
Supercooledwater droplets were accelerated to the surfaces, and theywere frozen on the surface. Thewater
droplet diameter sizewas∼30 μmand the droplet speedwas 25 m s−1. For ice adhesion tests, the samples were
kept in the cold condition∼16 h before CAT testing to ensure full freezing. For theCAT, an ice layer was
accreted on the test surfaces of the size of 30× 30 mm.The thickness of the accreted ice was∼10 mm.During the
adhesion test, the iced sample is rotatedwith a constant acceleration speed until the ice layer detaches. An
acceleration sensor logs the detachmentmoment, and the ice adhesion strength can be calculated by dividing the
centrifugal forcewith the iced area.More information on this process can be found in the [46–49]. Four parallel
samples of each coating typewere tested, and the results are given as averages with the standard deviations. The
defined ranges for themeasured ice adhesion forces are:

• Extreme low<10 kPa

• Low 10–50 kPa
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• Medium-Low 50–100 kPa

• Medium100–150 kPa

• High>150 kPa

Ice durability tests were done after CAT testing. In these tests, ice was accreted on the surface in IWiT
following the same procedure as for CAT testing. After the ice accretion, the samples were left to the cold
conditions to freeze for one hour. Afterwards, the de-icingwas done at the room temperature. In the de-icing,
the sampleswere positioned vertically and held there until the icewas removed bymelting. This procedure was
repeated four times, after whichwater contact angles weremeasured to indicate possible changes in the surface
wetting behaviour.

2.3. Characterization of the coating properties
Prior and after the CAT icing the samples were characterized to determine performance changes caused by the
rapid freezing and the ice removal in the adhesion testing. Scanning electronmicroscope (SEM) images were
takenwith anUltra-55 FESEMoperatedwith SmartSEM® software, both products of Carl ZeissNTS Ltd. The
used acceleration voltage was 1 kV, and the aperture size was 10 μm. For surface roughnessmeasurements a
DimensionTM 3100Atomic forcemicroscope (AFM) fromVeeco Ltdwas used and the AFM image datawas
constructedwithWSxM5.0Develop 9.4 software [50]. A PerkinElmer Lambda 1050UV/VIS/NIR
spectrophotometer equippedwith an integrating sphere was used for the reflectance and transmittance
measurements. In addition to the specular reflectance and transmittance, integrating sphere nominally
measures also the scattered light.

Thewater contact angles weremeasured to evaluate thewetting behaviour of the surfaces. Static and
dynamic contact angles weremeasuredwith a droplet shape analyser (DSA100, Krüss, Germany) in the
controlled temperature of 22 °C and a relative humidity of 50%.Measurements were donewith 5 μl droplets of
ultra-high puritywater (MilliQ,MilliporeCorporation, USA). Static, advancing and receding contact angles are
given as an average of ninemeasurements with the standard deviations.Hysteresis is calculated as a difference
between the advancing and receding angles. The contact angle values weremeasured before icing tests, after the
CAT testing, and after the cyclic icing/de-icing durability tests. For planar surfaces the contact angle represents
the surface tension ratio between the different states, as is stated by the Young’s equation [51]:

( ) ( )q g g g= -cos , 1SV SL LV

where q is the contact angle and g ,SV g ,SL are the interfacial surface tensions for the solid-vapor, the solid-liquid
and the liquid-vapor interfaces, respectively. The relation between themagnitude of the contact angle and the
hydrophilicity/-phobicity on a planar surface is illustrated infigure 2(a).

For the nanostructured coating the relations between the surface, the contact angle and the surface tension
are not as straightforward, as the droplet has a different contact areawith the surface thanwith the planar
counterpart, which is illustrated infigure 2(b). There are two different states the droplet can be in: theWenzel

Figure 1.The fabrication process of the sample series, where Plano is the planar alumina coating,Nano is the nanostructured alumina
film and Fluoro isNano treatedwithCHF3 plasma.
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state [54, 55] inwhich the droplet is completelymergedwithin the nanostructure,making its contact area larger
than the geometric area its covering. Or theCassie-Baxter state [56]where the droplet stays elevated on the
nanostructure having voids of air underneath. In theCassie-Baxter state, the area between the coating and the
droplet is significantly smaller thanwith the planar coating. For a droplet in theWenzel state the corrected
contact angle q* can be estimated as [54, 55]:

( )q q q= =R
A

A
cos cos cos , 2textured

planar

*

where R is the ratio of the textured and the planar surface areas, Atextured and A ,planar respectively. Similarly, for
theCassie-Baxter state [56] can bewritten:

( ) ( )q j q= - + +cos 1 cos 1 , 3S*

wherejS is the solid fraction of the surface. During the contact angle characterization, we qualitatively analyse of
which state the surface/droplet pair is in, as based on thework of Kulinich et al [45] even hydrophobic
nanostructures, that followCassie-Baxter state, wear out andwill at some point switch toWenzel state [44].
Furthermore, the states are not explicit, so the distinctionsmade are to be taken as indicatives only. However,
they provide a useful categorizing for the surface property analysis [57–59].

3. Results and discussion

Todeterminewhat type of hydrophobicity/-philicity the coatings possess, the static water contact angles (SCA)
weremeasured prior the icing. Figure 3(a) shows that Plano coatings on both the surfaces are hydrophilic in
nature (SCA< 90°) [52]. Similarly, it is seen thatNano samples are superhydrophilic, as the droplets spread out
on the surfaces immediately [53], which indicatesWenzel state for its tensionmechanism. Fluoro samples are
hydrophobic (SCA∼130°), but not superhydrophobic likely putting them inCassie-Baxter state. In overall, the
coating performance is very similar between the two substratematerials.

The samples were iced, and the ice was removedwith the centrifugal adhesion test. Figure 3(b) shows the
measured ice adhesion values for the alumina coatings. The exact icing conditions and descriptions for the
different adhesion strength ranges from extreme low to highwere presented in themethods. There seems to be
no significant effect of the substratematerial on the ice adhesion, which indicates similar growth and
nanostructuring process for the alumina coatings on both the substrates. Plano samples have ice adhesion
strengths of nearly 70 kPa, which corresponds to themedium-low adhesion region.Nano samples exhibit
adhesion values of 60 kPa that corresponds to the same adhesion level than Plano samples have. Therefore, the
nanostructuring has a relatively small influence on the ice adhesion. Fluoropolymerization reduces the ice

Figure 2. (a)A schematic illustration of the static water drop contact angles from superhydrophilic to superhydrophobic state [52, 53].
(b)A schematic representation of a water droplet on a structured surface in theWenzel state [54, 55]where the droplet is immersed
within the structure and in the Cassie-Baxter state [56]where the surface tension keeps the droplet elevated on top of the structure.
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adhesion significantlymore and the corresponding values for Fluoro on glass and on silicon are 29 kPa and
46 kPa, respectively. Both surfaces reach the low adhesion region. The low ice adhesion achievedwith the
fluoropolymerized nanostructured alumina is excellent in the light of the reported anti-icing coatings having
values between 50 kPa to over 100 kPa [28, 30, 31, 33, 60], although lower values (∼10 kPa) have also been
presented [34].

While SCAs are typically used as the standard for hydrophobicity evaluation, statistical analysis done by Law
et al [52, 61] suggests that the receding contact angle (RCA) ismore suitable choice for the limit value of 90°
between hydrophobicity and hydrophilicity. Generally, RCA is ameasure for the surface adhesion and the
advancing contact angle (ACA)measures the surface wettability [52, 61]. CAhysteresis is the difference between
RCA andACAand ismostly due to chemical and topographical heterogeneity of the surface, or surface
alteration by the solution [62, 63]. As RCA andACA give the localmaximumandminimumvalues that SCA can
have on the surface, smaller hysteresis indicatesmore stable and uniformperformance by the coating.

Figure 3. (a)The static water contact angles before and after the ice adhesion test. (b)Themeasured ice adhesion valueswith the
centrifugal adhesion test. The error bars represent the standard deviation of themeasurements.

Figure 4. (a)The dynamic contact angles, as the advancing contact angle (ACA) and the receding contact angle (RCA) before and after
the ice adhesion test. (b)The contact angle hysteresis before and after the ice adhesion test. *Drops spread on the sample,
unmeasurable.

5

Nano Express 3 (2022) 044002 J Reuna et al



Figure 4(a) provides the dynamicCAs for alumina surfaces prior and after icing and figure 4(b) shows the
correspondingCAhysteresis.

BothACA andRCA values for Fluoro samples are somewhat higher than the SCAs, but the range remains as
hydrophobic and not superhydrophobic. For Plano samples, ACAs are larger than SCAs andRCAs smaller than
SCAs, which explicitly leads to larger hysteresis. The trend of change for bothACAs andRCAs after icing is
similar to SCAs, so there is a reduction for both of a few degrees for Fluoro samples. The hysteresis for Fluoro
samples is relatively low∼7° both prior and after icing and indicatesmore stable surface properties when
compared to Plano samples that exhibit values above 10°.

When used as an antireflection coating, the average transmittance, reflectance, and their changes due to the
icing de-icing procedure are of great interest. Especially formultijunction solar cells and their cover glasses, the
broadband operation needs to remain un-altered to prevent changes in the current-balancing of the junctions
[64, 65]. For the solar cell cover glasses the antireflective properties of the nanostructured alumina is sufficient
on its own, while for semiconductors, like silicon, the alumina nanostructure can be combinedwith underlying
multilayer ARC to achieve low enough reflectance [2, 3]. Therefore, the focus here is on revealing any notable
changes in performance due to the icing and the abrupt de-icing. The transmittance of Plano,Nano, and Fluoro
on glass, both pre-iced and post-iced, are shown infigure 5(a). Their reflectance is shown infigure 5(b). The bare
glass was not iced and is presented as a reference for themeasurement coherence. The average pre-ice
transmittance over the bandwidth of 400 nm to 800 nm for Plano,Nano, and Fluoro are 90.4%, 95.0%, and

Figure 5. (a)Transmittance of the alumina films on glass before and after the ice adhesion test at the normal incidence. (b)Reflectance
of the alumina films on glass before and after the ice adhesion test at the normal incidence.
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95.1%, respectively. Compared tomany other hydrophobic and anti-icing coatings the presented transmittance
of∼95% is excellent, as the reported transparencies are usually reduced∼1%–10% from the bare glass
transmittance at similar bandwidths [29, 30, 34, 60]. There are also no losses involved in the coatings as the
transmittance and reflectance sum-up to 100%over the examined bandwidth.

When comparing the changes between the pre-iced and post-iced samples both in transmittance and
reflectance, it is seen that onlyNano has been significantly influenced by the icing. The transmittance ofNano
has reduced, and reflectance increased, so presumably the nanostructure has been altered due to the icing. The
biggest effect onNano is at the visible wavelengths, where the change in reflectance is on average 2.5% and for
transmittance 1.6%. Similar changes are not seenwith Fluoro, so the hydrophobicity seems to provide at least a
momentary protection against the effects of the atmospheric icing.

The reflectance of alumina coatings on silicon are presented infigure 6. In overall, the icing and the removal
of icewith the centrifugal adhesion test seems to affect only the reflectance ofNano.Otherwise, themeasured
values for the pre-ice and the post-ice samples are of the same order. ForNano the reflectance has dropped 1.8%
at 400–800 nm,whichwould indicate changes in the nanostructure due to the icing procedure.

In addition to the surface reflectance from the coated side, there is an apparent backside reflectance of the
silicon substrate for Plano and Fluoro samples. As theDIW treatment is known to etch silicon [66], it could
cause etching of the uncovered backside of thewafers and lead to smoothening them tomirrorlike surface.
However, Planowas notDIW treated andNano, which does not have any back side reflectance, was. It ismore
likely that the difference in the backside reflectance is due to the initial quality variations of the silicon substrates.

The surfacemicrostructure and topography of the alumina coatings were examined byAFM to see the effects
of icing on the coating structure. Figure 7 presents the topographical surfaces of the pre- and the post-iced Plano,
Nano and Fluoro, (a)–(b), (c)–(d), and (e)–(f) on glass, respectively. The root-mean square roughness of the
nanostructuredNano and Fluoro is of the order of∼35 nm,which is significantly smaller than roughness of the
regularly used antireflective or anti-icing nanostructures, that usually haveRrms ranging between 200 and
400 nm [28, 31, 60, 67]. For Plano there is some nominal roughening of the surface due to the icing and the
adhesion test process, but otherwise the surface ismicro-structurally unchanged. ForNano the change is drastic.
Practically all the nanostructured alumina has been ripped off with the ice during the adhesion test and only
small islandswith a height of∼20 nmare still visible on the image. As these AFM scanswere relatively small areas
( 3× 3 μm), Nano samplewasmeasured from several spots to rule out only local delamination of the coating.
Observations confirmed that the nanostructure has consistently come off from the glass substrates. It is now
clear that just nanostructured alumina on glass is not suitable for conditions where there is possibility to be
exposed to icing. In contrast, Fluoro samples show little to no evidence of delamination or othermajor structural
alterations. Like Plano sample, there is onlyminor roughening based on the statistical roughness values.
Altogether the alumina nanostructure on Fluoro raises hopes for an environmentally stable ARC for glass even
under harsh conditions.

Figure 6.Reflectance of the alumina films on silicon before and after ice adhesion test at the normal incidence.
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Infigure 8 are presented the topographical surfaces of the pre- and the post-iced Plano,Nano and Fluoro,
(a)–(b), (c)–(d), and (e)–(f) on silicon, respectively. The pre-iced surfaces are very similar to the coatings on glass,
but the nanostructured surfaces seem to have fewnanometers smaller average heights thanNano and Fluoro on
glass. Plano on silicon has also just slight roughening as was on glass, butNano sample deviates from the glass
counterpart. As it happens, Nano on silicon has not peeled off, butmaintains its nanostructure. The features
seem sharper in contrast than before the icing and there is some increase in roughness values, but the
nanostructure has not notably changed. Apparently, the adhesion of alumina on silicon is greater than the
adhesion on glass, as themeasured adhesion of ice onNano on both substrates was basically the same (∼60 kPa).

AFM scans provide information froma very specific area of the sample surface, so to get awider overview of
the surface quality the coatings were imagedwith SEM. Because insulating and transparent samples like glass are
more difficult to imagewith SEM, only coatings on siliconwere imaged. Figure 9 presents selected pre-iced

Figure 7.The surface topographymaps of alumina films on glassmeasuredwith AFM. (a) shows the planar alumina (Plano)film prior
the icing and (b) after the ice adhesion test. (c)Nano sample before the icing and (d) post the ice adhesion test. The pre-iced
fluoropolymerized sample (Fluoro) is shown in (e) and the post-ice adhesion test in (f).
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Plano,Nano, and Fluoro surfaces in (a)–(c), respectively, and post-iced Plano,Nano, and Fluoro in (d)–(f),
respectively.

All of the three pre-icing surfaces are uniform and for the nanostructuredNano and Fluoro samples the
surface topography looks the same. The contrast difference in thefigures 9(b) and (c) subplots is themain give-
away of the additionalfluoropolymer on the surface of Fluoro sample. The dark spots in Plano sample are not
holes or islands but seemingly inner inconsistencies in the films. It is possible that the features would originate
from the silicon substrate or density variations in the film. After the icing and removing the ice with the
centrifugal adhesion test, all three surfaces show some differences. Plano sample hasmicrometers wide areas
where the coating has been ripped off and there are somemicro-cracks near such areas. Nano sample hasmainly
the same structure than before the icing and the nanostructure seems to be unchanged.However, there are large
holes with diameters ranging from1 μmto tens ofmicrometers of which the coating has completely peeled off

Figure 8.The surface topographymaps of alumina films on siliconmeasuredwith AFM. (a) shows planar alumina (Plano)film prior
the icing and (b) after the ice adhesion test. (c)Nano sample before the icing and (d) the post icing. The pre-iced fluoropolymerized
sample (Fluoro) is shown in (e) and the post-iced in (f).
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the surface. It is likely that at the droplet impact stage thewater drops have penetrated the coating [68], which
combinedwith the freezing, seemingly leads to permanent coating damage.On Fluoro sample such peeled off
areas are not found, and the substrate is still uniformly coatedwith the film. There are areaswhere the
nanostructure has a visible dent very similar to the off-peeled areas onNano, as shown infigure 9(f), but the
water droplet has not penetrated the surface and caused delamination of the coating after the icing.

Results based on just one cycle of icing and de-icing by the centrifugal adhesion testmight give a bit too
optimistic view on the long-term capabilities of the samples in regards of anti-icing properties and durability.
The samples that provided nearly unchanged performance (Plano and Fluoro on both substrates), were exposed
to four additional icing andmelting cycles and their hydrophobicity was examinedwith the contact angle
measurements. Both the statistic and the dynamic contact angles are presented infigure 10(a) and the
correspondingCAhysteresis is shown infigure 10(b).

TheCA results after the cycling reveal that the hydrophobicity wears off for Fluoro samples whereas Plano
surfaces have only small changes,most likely linked to the partial delamination seen in the SEM scans. This is in
linewith the similar cycling study of Farhadi et alwhere several different anti-icing nanocoatings were tested and
found to lose their hydrophobic performance due to the cycling [28]. As stated byKulinich et al [45] the surface
state of the hydrophobic coating switches from theCassie-Baxter to theWenzel state due to thewear that the
nanostructure undertakes during the cyclic icing andmelting. TheCAhysteresis infigure 10(b) shows that as the
coatings are cyclically iced and de-iced the difference betweenACA andRCA stabilizes around∼20° for both
planar and hydrophobic nanostructured samples, whichwould indicate saturation of thewear on the
nanostructure and roughening of the planar surface.

Despite not providing a permanent long-termprotection against icing, the hydrophobic nanostructured
alumina offers a durable and effective ARC to be used in conditions where atmospheric icing is not present. Such
applications could beMJSCARCs under a cover glass or specialized camera objectives, which already utilize
subwavelength nanostructured films commercially [69]. The excellent transparency and extended durability

Figure 9.The scanning electronmicrographs of aluminafilms on silicon. (a)–(c) showPlano,Nano and Fluoro surfaces pre-icing,
respectively, and (d)–(f) show the same surfaces after the ice adhesion test.
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when compared to the planar coating or only the nanostructured alumina, demonstrate the potential of
hydrophobic nanostructured alumina for application in specialized broadbandARC solutions.

4. Conclusions

Nanostructured alumina antireflection coatings were hydrophobicity treatedwithCHF3 plasma process and
exposed to atmospheric icing for a durability assessment. The coatingwas compared to just nanostructured
alumina and planar alumina coatings. The coatings were tested on both glass and silicon substrates. The effects
of icing on themicrostructure, the optical properties, and thewetting characteristics of the coatings were
examined.

It was shown that just nanostructured alumina coating is superhydrophilic in nature and does not endure
large environmental changes. The alumina nanostructure did not adhere on glass when the ice was removed by
centrifugal adhesion test but peeled off leaving only residual nanostructures on the substrate. On silicon the
adhesionwas better, but the de-icing delaminated large pieces, with a diameter of tens ofmicrons, of the coating.
The planar coatingwas otherwisemore durable and stable than the just nanostructured alumina, but it also had
severemicrocracks and off-peeled areas after the ice adhesion test. The fluoropolymerized hydrophobic
nanostructured alumina provided high transmittance and possessed ice-phobic properties leaving the coating
mostly unchanged after the centrifugal ice removal. The coating exceeded both the just nanostructured and
planar coatings in durability and attained its hydrophobicity after the initial icing test. However, further cyclical
icing/de-icing tests showed that even the hydrophobicity treated nanostructured alumina cannot withstand
regular exposure to such conditions and the hydrophobic nature of the coatingwears off.

The hydrophobic nanostructured alumina outperformed both the just nanostructured and planar alumina
coatings and possessed increased durability and stability even under harsh conditions. This indicates a clear need
to use a hydrophobicity treatment for the nanostructured alumina antireflection coatings even in regular indoor
or controlled environments. Further development in the hydrophobicity treatment is required and other low
surface energy polymers should be considered, not least because of the negative environmental effects of CHF3.
The challenge in this will be in attaining the excellent transmission properties, while simultaneously improving
the hydrophobicity and durability of the coating.
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