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Abstract

Hierarchical super-hydrophilic surfaces were realized by forming porous anodic aluminum oxide
(AAO) and boehmite [AIO(OH)] on micro-textured Si wafers. One-step anodization of e-beam-
deposited Al followed by controlled pore-widening, thermal annealing, or hot-water treatment
produced oxide architectures exhibiting near-zero water contact angles (aqueous regime) and
pronounced H,O adsorption—desorption responses (vapor regime). Thermogravimetric analysis,
moisture isotherms, and FT-IR indicate that increased porosity and anion incorporation
(O/O%*/oxalate) enrich surface hydroxyl functionality, enhancing affinity to H,O. The results
delineate two complementary regimes—rapid capillary wetting and multilayer vapor adsorption—
supporting the use of these oxide/Si hierarchies as interactive water-affine interfaces with potential
relevance to moisture gettering and chemosensing.

Keywords: super-hydrophilicity; hierarchical oxide structures; surface functionalization;
adsorption—-desorption dynamics; chemosensing interfaces

1. Introduction

The miniaturization of micro-electro-mechanical systems (MEMS) has driven significant
technological advances across optical, radio-frequency, and sensing applications over the past few
decades'-®. However, the extreme scale reduction and high surface area-to-volume ratios inherent in
MEMS components introduce critical reliability challenges, particularly moisture-induced stiction
between silicon (Si) surfaces and moving parts**. Stiction phenomena arise from multiple physical
mechanisms including Van der Waals forces, capillary adhesion, chemical bonding, electrostatic
interactions, and residual stress’. Among these factors, residual moisture poses the most severe
threat, as adsorbed water molecules can form destructive capillary bridges and hydrogen bonds due
to the high dielectric dipole moment of H,O*®. Ensuring reliable hermetically sealed MEMS packages
requires maintaining water vapor concentrations below 5,000 ppm, while optimal performance
demands internal relative humidity (RH) below 20%¢-.

The challenge of moisture management in MEMS environments has created substantial demand
for both passive moisture gettering systems and active moisture sensing technologies. Traditional
moisture getters rely on hydrophilic solid adsorbents that exploit strong hydrogen bonding with
water vapor through high heats of adsorption®®. Conventional designs incorporate solid desiccants
dispersed in hygroscopic polymer matrices!®'! or high-surface-area ceramics integrated within
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package walls>612. Complementing these passive approaches, capacitive moisture sensors based on
MEMS technology have emerged as critical components for real-time humidity monitoring in
semiconductor packaging, industrial process control, and environmental applications. These sensors
typically employ moisture-sensitive dielectric materials positioned between permeable electrodes,
exhibiting capacitance changes proportional to ambient humidity levels.

Among metal oxide candidates, aluminum oxide (Al:Os) has garnered attention for both
moisture gettering and sensing applications due to its exceptional water affinity properties!®-1¢. The
high polarizing power of Al enables spontaneous H,O dissociation into surface hydroxyls at room
temperature, with unsaturated surface Al sites functioning as strong Lewis acid
centers!’~1°. Nanoporous anodic aluminum oxide (AAO) structures have demonstrated particular
promise as humidity sensors, offering systematic control over sensitivity through manipulation of
pore diameter, pore density, and layer thickness. The unique combination of high surface area,
tunable porosity, and intrinsic hydrophilicity makes AAO an attractive candidate for both passive
moisture adsorption and active moisture detection.

Surface wettability engineering has emerged as a complementary approach to enhance
moisture-responsive behaviors through hierarchical structuring?’-2!. While traditional wettability
studies have focused on Young's equation for ideal flat surfaces, real surfaces possess roughness that
fundamentally alters liquid-solid interactions. Super-hydrophilic surfaces, characterized by water
contact angles approaching zero, offer enhanced water capture and spreading capabilities that are
particularly valuable for moisture sensing applications. Recent advances in hierarchical surface
design have demonstrated that multi-scale roughness can amplify the intrinsic hydrophilicity of
oxide materials, leading to rapid water adsorption kinetics and improved sensor response times.

Al-based hierarchical surfaces have been fabricated through various methodologies including
chemical etching??-%6, anodic oxidation?”-?%, and hydrothermal treatment to produce boehmite
[AIO(OH)] nanostructures®-4. Anodization provides systematic control over nanoscale porosity and
surface chemistry through manipulation of current density, electrolyte composition, and reaction
time, while post-anodization treatments enable further structural and chemical modifications. Most
previous investigations have emphasized super-hydrophobic Al-based coatings for applications
including self-cleaning, anti-icing®, and corrosion resistance®%. In contrast, despite the intrinsic
hydrophilicity of both Al,O; and AIO(OH) arising from abundant surface hydroxyl groups, the
development of super-hydrophilic hierarchical Al surfaces for vapor- and liquid-phase moisture-
responsive applications remains relatively unexplored.

The dual functionality of super-hydrophilic hierarchical surfaces for both moisture gettering and
moisture sensing represents a significant opportunity for advanced MEMS applications. In the
aqueous regime, rapid capillary wetting and complete water spreading can enhance moisture
removal efficiency for gettering applications. Simultaneously, in the vapor regime, enhanced water
adsorption-desorption kinetics can improve sensor sensitivity and response speed for real-time
humidity monitoring. The integration of hierarchical Al,O; structures with silicon MEMS platforms
could enable multifunctional devices capable of both passive moisture control and active
environmental sensing.

In this study, we demonstrate the fabrication of super-hydrophilic hierarchical surfaces
composed of nanoporous Al,Os; and AIO(OH) on micro-textured silicon wafers through controlled
anodization and post-treatment processes. Silicon substrates were pre-textured via alkaline etching
to create micron-scale pyramidal structures, followed by Al film deposition, one-step anodization to
form porous AAQ, and subsequent pore-widening, thermal annealing, or hot-water treatment. The
resulting oxide architectures exhibit near-zero water contact angles in the aqueous regime and
pronounced H,O adsorption-desorption responses in the vapor regime. These complementary
behaviors—rapid capillary wetting and multilayer vapor adsorption—support the potential
application of hierarchical oxide/Si interfaces as interactive water-affine surfaces for both moisture
gettering and chemosensing applications. ~Comprehensive characterization through
thermogravimetric analysis, moisture isotherms, infrared spectroscopy, and contact angle
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measurements elucidates the relationship between hierarchical structuring, surface chemistry, and
water affinity mechanisms.

2. Materials and Methods

2.1. Anodizing and Pore Widening of Al

Al foils (0.13 mm thick, 99.99% purity; Sigma-Aldrich) were degreased in acetone, rinsed with
deionized (DI) water, and etched in 0.1 M sodium hydroxide (NaOH) until bubbling appeared to
remove the native oxide. Samples were rinsed several times in DI water and dried in air at 27 °C.
AAO templates were prepared using a standard two-step anodization process (Figure 1). Pre-cleaned
Al foils were mounted in a customized jig, exposing a 25 mm-diameter area, and first-anodized at 50
V in 0.3 M oxalic acid at 20 °C for 10 min under magnetic stirring. The oxide layer was then removed
by immersing in 1.8 wt% chromic acid and 6 wt% phosphoric acid for 5 h at 27 °C, leaving an ordered
pattern on the Al surface. The pre-patterned foils were anodized again under the same conditions for
7 h 30 min. Residual Al beneath the porous alumina was removed by wet etching in 0.1 M copper(1l)
chloride (CuCl,) and 20 vol% hydrochloric acid (HCI) for 1 h, and unopened alumina was removed
with 5 wt% phosphoric acid. To investigate the effect of pore widening on moisture adsorption, pore-
widening was performed for 0, 1, and 2 h.

teflon/silicone zig

anodized surface

0.3 M oxalic
acid solution

~ magnetic stirring

Figure 1. Schematic illustration of experimental set-up of anodization.

2.2. Synthesis of AAO Film on Textured Silicon Substrates

Texturing was performed using an alkaline solution containing 2 wt% tetramethylammonium
hydroxide (TMAH) and 8 wt% isopropyl alcohol (IPA)#,42. IPA aided in removing hydrogen bubbles,
promoting uniform etching*®. Before texturing, p-type Si wafers were dipped in 10% hydrofluoric
acid (HF) to remove native oxide, rinsed twice in DI water, and etched at 65-85 °C for 20 or 30 min
to produce micro-pyramidal textures of varying sizes. A 1 um-thick high-purity Al film was
deposited on the textured Si wafers by e-beam evaporation without an adhesion layer to avoid
affecting moisture adsorption. The Al-coated wafers were mounted on copper tape using silver paste
(Ted Pella, Inc.), insulated with polyimide tape, and anodized in 0.3 M oxalic acid at 20 °C under 20
V for 100-800 s in a two-electrode setup. Current density—time transients were recorded and
compared to those from Al foils. Pore widening was subsequently carried out in 5 wt% phosphoric
acid at 24-27 °C for 20-80 min, following the same procedure as for freestanding AAO.
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2.3. Surface Treatments: Pore Widening, Annealing, and Boiling-Water Conversion

Pore widening was also performed using a solution of 1.8 wt% chromic acid and 6 wt%
phosphoric acid at 24-27 °C for 20-80 min, ensuring that structural collapse did not occur. To study
the effect of other post-treatments, porous AAO/Si specimens anodized for 10 min and pore-widened
for 40 min were subjected to further modifications. Thermal annealing was conducted in air at 600 °C,
800 °C, or 1,220 °C for 5 h to induce phase transitions from y- to a-Al,Os. Separately, AAO on flat and
textured Si was immersed in boiling water (70-80 °C) for 10 min to form boehmite [AIO(OH)]; this
time was optimized based on morphology. Finally, all hierarchical surfaces were treated with 0.5 %
(1H,1H,2H,2H-Perfluorooctyl)trichlorosilane (PFOTS) in n-hexane for 10 min and oven-dried at
150 °C for 1 h.

2.4. Characterization

Surface morphology was examined by scanning electron microscopy (SEM, Hitachi S-4800)
equipped with energy-dispersive spectroscopy (EDS). Crystalline phases were identified by X-ray
diffraction (Rigaku D/max 2400). Static water contact angles (CA) were measured at room
temperature with a horizontal microscope and protractor eyepiece, using five droplets per sample.
Cross-sections were prepared by diamond cutting and imaged by SEM. Thickness and porosity were
measured from SEM images using Image Tool software. Thermogravimetric analysis (TGA,
PerkinElmer TGA-7) was performed in argon from 30 °C to 1,300 °C at 10 °C/min with 20 mL/min
gas flow. Moisture adsorption/desorption isotherms were collected at 25.15 °C and 0-95% RH
(BELSORP-aqua3, BEL Japan) after pre-dehydration at 300 °C for 24 h. RH was defined as p/po, where
p is the partial pressure of water vapor and py its saturation pressure at 25.15 °C. Infrared spectra
were recorded using a Nicolet i510 FTIR after moisture adsorption and evacuation to 10% RH at room
temperature.

3. Results and Discussion

3.1. Anodizing of Al Foil and Al on Textured Silicon Wafers

Figure 2 schematically illustrates the anodization process forming porous AAO films and the
corresponding current density—time transients. As shown in Figure 2a, anodizing freestanding Al foil
produces a typical current density profile characteristic of the two-step mild anodization process,
involving the formation and growth of a nanoporous oxide layer# #. In contrast, anodizing a 1 pm
Al layer on textured Si resulted in an abrupt rise in current density after ~520 s (Figure 2b). This
increase indicates the depletion of Al and the exposure of the underlying Si surface, shifting the
reaction environment from ‘AAO/oxalic acid’ to ‘Si/oxalic acid’. Although current typically decreases
as an oxide barrier forms, the electric field concentration on the textured surface likely accelerates
water dissociation and oxygen bubble generation, detaching the AAO layer from the Si substrate*.
(No adhesion layer was used, as noted in the Methods.) The anodizing time for Al/Si samples was
therefore optimized to prevent delamination.
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Figure 2. Schematic illustration of the anodizing mechanism of (a) freestanding 60 pm Al foil and (b) 1 um Al
deposited on Si wafer, with corresponding current density—time transients over 600 s.

3.2. Fabrication of Freestanding AAO Films from Al Foil and Their Water Vapor Adsorption Characteristics

To evaluate the moisture adsorption capacity of AAO, we first fabricated freestanding AAO
films using a well-established two-step anodization method# (Figure 3). Figure 3a outlines the
process flow: high-purity Al foil was first anodized to form a disordered oxide layer, which was then
selectively dissolved to expose the pre-patterned Al surface beneath. Subsequent second anodization
produced a uniform nanoporous structure, followed by wet etching of the residual Al and pore
widening (0-2 h) to yield freestanding AAO membranes. SEM images (Figure 3b—f) show the
morphological evolution through these steps. The as-received Al foil exhibited a rough, featureless
surface (Figure 3b), and the initial anodized surface showed irregular pores without clear ordering
(Figure 3c). During chemical dissolution of the first AAO, preferential etching of protruding regions
smoothed the surface while exposing emerging pores (Figure 3d). After complete removal of the
initial oxide, the underlying Al surface displayed embossed hemispherical nano-patterns (Figure 3e),
formed by mechanical stresses and ~1.2x volume expansion during anodization, which promote pore
self-ordering®’. These patterns guided the growth of vertically aligned channels during the second
anodization, resulting in a transparent, hexagonally ordered AAO template (Figure 3f,g).

(a)
-»
High purity Al metal 1st anodizing
»> »
Removing alumina (1 h) Removing alumina (5 h)
»> »
2" anodizing Al etching
» »
Pore widening (0-2 h) Freestanding AAO
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Figure 3. Schematic of the fabrication process for freestanding AAO films. (b—f) SEM images showing
morphological evolution: (b) as-received Al foil, (c) disordered Al,O; after first anodization at 20 V for 10 min in
0.3 M oxalic acid, (d) partially dissolved porous AlLO; after etching in 1.8 wt% chromic acid and 6 wt%
phosphoric acid at 27 °C for 1 h, (e) pre-patterned Al surface after complete oxide removal, and (f) freestanding

AAO obtained after Al removal and 1 h pore widening. (g) Optical image of the freestanding AAO shown in (f).

The pore-widening process was systematically examined by varying immersion time (0-2 h,
Figure 4). As-prepared AAO showed 22% porosity and retained a barrier layer blocking one side of
the columnar pores (a,d). With increasing immersion time, the barrier layer dissolved and the pores
widened progressively, reaching 45% porosity at 1 h and 49% after 2 h (b—f). While the bottom-side
pores opened gradually, the top-side pores—already exposed to acid —expanded continuously. All
samples retained well-defined hexagonal cell ordering throughout the pore-widening process.

gi's.o‘:z..
"-s'f:':-._%:cg_

S

o 0% ¢

5%

Figure 4. FE-SEM images of the (a—c) top and (d-f) bottom surfaces of AAO membranes before (a,d) and after
pore-widening in 5 wt% phosphoric acid (HsPOy) for (b,e) 1 h and (c,f) 2 h. Insets show cross-sectional views.

The influence of AAO surface properties on moisture adsorption was examined using TGA and
moisture adsorption-desorption isotherms (Figure 5). The TGA profiles (Figure 5a) reveal four
characteristic stages: stage 1, adsorption; stage 2, dehydration; stage 3, dehydroxylation; and stage 4,
thermal decomposition. The expanded stage 1 region (30-150 °C) is shown in Figure 5b. The sample
mass increased up to ~60 °C, likely due to the adsorption of residual gases on the AAO surface. This
behavior contrasts with the steady ~4% mass loss up to 400 °C in air reported by Mata-Zamora et al.*S.
The observed weight gain can be attributed to the adsorption of residual gases in argon (Ar) carrier
gas, where surface hydroxyl groups may promote hydration layer formation and trap contaminants.
This is supported by the subsequent return of the mass to its initial value at 510-556 °C, slightly above
the typical dehydration (~400 °C, stage 2) and dehydroxylation (~700 °C, stage 3) temperatures*. At
higher temperatures (stage 4), the mass loss is consistent with the thermal decomposition of oxalate
anions and the crystallization of amorphous AAO to y-AlO; at ~903 °C and to a-Al,Os at ~1219 °C30.
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Figure 5. Effect of pore-widening on the moisture adsorption behavior of AAO. (a) Thermogravimetric analysis
(TGA) curves of AAO membranes (A: as-prepared, B: pore-widened 1 h, C: pore-widened 2 h) measured in
flowing argon (Ar) at 10 °C min™!, showing four characteristic stages: stage 1, adsorption; stage 2, dehydration;
stage 3, dehydroxylation; and stage 4, thermal decomposition. (b) Expanded view of stage 1 (30-150 °C) showing
weight gains due to residual gas adsorption on surface hydroxyl sites. (c) Moisture adsorption—-desorption
isotherms measured at 25 °C, showing increased water vapor uptake with prolonged pore-widening (porosity:
22 % — 49 %).

The moisture adsorption-desorption isotherms measured at 25 °C are shown in Figure 5c.
Because adsorption depends not only on vapor pressure but also on the amount of water pre-bound
to the surface!?, all AAO samples were pre-heated to 300 °C and held under vacuum for 24 h. All
isotherms exhibit type Il behavior in the Brunauer classification, indicative of multilayer adsorption®!.
Adsorption rose steeply at low relative humidity (RH < 10%), then increased gradually until capillary
condensation occurred at high RH (> 80%). The monolayer capacity, calculated from the isotherms,
was 12-15% RH—between those reported for single-crystalline (0001) and polycrystalline a-Al,O;
(10% and 17% RH, respectively)>' —consistent with dissociative chemisorption forming a molecular
monolayer of water3! 52 5 54,

This behavior can be explained by the presence of unsaturated surface Al cations acting as Lewis
acid sites, which first physically adsorb and orient water molecules, then dissociate them into H and
OH to form surface hydroxyl groups'® 5 %. These hydroxyl groups establish a hydrogen-bonded
monolayer that gradually evolves into multilayers as coverage increases. With increasing water
coverage, the heat of adsorption decreases and surface accessibility is reduced. Although surface
effects diminish, strongly hydrogen-bonded hydrates can still form at the interface (2-3 water
molecules at room temperature, tetrahedral networks at cryogenic temperatures). At intermediate
RH (10-80%), adsorption increased steadily, suggesting the growth of ice-like ordered multilayers
through hydrogen bonding to hydroxylated surfaces”. The data show the formation of an actual
monolayer and up to three multilayers near 75-85% RH. The observed hysteresis between adsorption
and desorption curves for all pore sizes further supports partial irreversible binding of water,
reflecting chemisorption behavior.

The overall adsorption capacity increased across the full p/po range as the pores were widened.
At RH = 20% —a condition directly relevant to moisture getter performance—the capacity rose from
2.66 to 7.30 cm® g as porosity increased from 22% to 49%. The corresponding monolayer capacities
were 2.08 cm?® g-! and 5.87 cm?® g7, respectively. This enhancement reflects not only increased porosity
but also enrichment of surface functional groups. AAO has a hexagonal structure with compositional
gradients: an outer amorphous layer, an intermediate partially crystalline layer, and an inner highly
crystalline framework3%, During anodization, anionic species such as oxide ion (O%), superoxide ion
(O"), and oxalate can be incorporated into the amorphous regions (up to ~5% of the oxide)®!. These
anionic impurities, once exposed to the surface by pore widening, can act as additional adsorption
sites, forming strong hydrogen bonds with water molecules®> 62. This explains why acidic pore-
widening treatments significantly enhance the water-gettering performance of AAO by increasing
both porosity and the density of active adsorption sites.
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https://doi.org/10.20944/preprints202509.1977.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 September 2025 d0i:10.20944/preprints202509.1977.v1

8 of 20

The FT-IR spectra of AAO with different porosities are shown in Figure 6. Consistent with the
conditions used for the moisture adsorption—desorption isotherm measurements, all spectra were
collected after equilibrating at 10% RH. In agreement with previous reports® ¢, distinct peaks from
isolated hydroxyl groups (3800-3670 cm™) were not observed. Instead, broad bands appeared at
3556-3440 cm™, corresponding to hydrogen-bonded hydroxyls on AIO(OH) surfaces®. This reflects
the susceptibility of the amorphous regions of AAO to structural rearrangement upon exposure to
water, which promotes the formation of boehmite-like phases® %. A broad O-H stretching band
spanning 3500-3000 cm™ indicates physically adsorbed H,O, consistent with rapid multilayer water
film formation on a hydrogen-bonded monolayer as inferred from the isotherm data. The band at
1630 cm™ is attributed to water confined within the pores, while a strong feature between 1550-1480
cm™! corresponds to oxalate anions incorporated into the oxide (up to ~5% of the anodized volume)>>
61, These anions can act as basic sites for hydrogen bonding with water molecules’. Additionally, a
broad absorption near 1100 cm™ was observed, corresponding to O-H bending vibrations®”.
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Figure 6. FT-IR spectra of AAO membranes (a) as-prepared and after pore-widening for (b) 1 h and (c) 2 h. All

spectra were recorded after moisture adsorption and evacuation to 10% RH at room temperature.

3.3. Fabrication of AAO on Textured Silicon Wafers

To explore the integration of AAO with MEMS, we fabricated AAO layers on p-type Si wafers
with post-treatments, aiming to develop moisture gettering and sensing platforms (Figure 7). To
enhance adsorption probability, micron-scale pyramid textures were first formed on the Si surface
using a TMAH-based etchant compatible with standard MEMS processes (Figure 8). The pyramid
size increased with higher etching temperature and time, ranging from 0.27 + 0.1 um (65 °C, 20 min)
to 2.1 + 1.1 pm (85 °C, 30 min). A 1 um-thick Al film was then deposited by e-beam evaporation on
the textured Si surface with larger pyramids (~2.1 pm) to provide sufficient getter and sensor material
thickness. Subsequent anodization produced conformal AAO layers under various reaction times,
followed by pore-widening treatments under different durations to tailor the hierarchical structure.
Representative FE-SEM images of the AAO layer anodized for 10 min and pore-widened for 40 min
are shown in Figure 7.

(a) . (b) l ‘ (c)
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Figure 7. Schematics and FE-SEM images of the stages of fabrication of AAO layer on textured Si wafer; (a) a
bare Si wafer, (b) textured Si (t-Si), (c) e-beam evaporated 1-um-thick Al, and AAO film on the textured Si (d)

as-anodized for 10 min and then (e) pore-widened for 40 min.

Figure 8. FE-SEM images of textured Si substrate in the alkaline solution containing 8 wt% TMAH and 2 wt%
IPA etched for different times at varying temperatures; (a) 20 min at 65°C, (b) 20 min at 75°C, and (c) 30 min at
85°C.

Figure 9a—f shows cross-sectional FE-SEM images taken near the AAQ/Si interface after
anodization for 500-700 s. All samples were subjected to a fixed 40 min pore-widening treatment to
produce a porous structure. The AAO thickness measured from these cross-sections is plotted as a
function of anodizing time in Figure 9g. The thickness increased linearly (growth rate = 1.4 nm s),
consistent with the ordered hexagonal pore growth regime. After 700 s, residual Al was completely
removed, and the interface morphology confirmed full conversion to AAO. However, Figure 9g also
shows a sudden decrease and large variation in thickness between 600-800 s. This instability arises
when the Al layer becomes fully consumed and the acidic electrolyte reaches the underlying Si,
generating oxygen bubbles that detach the AAO film from the textured substrate (Figure 9f)**. Based
on this behavior, the anodizing time for subsequent experiments was fixed at 600 s, just before the

onset of this detachment regime.
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Figure 9. Cross-sectional FE-SEM images of AAO layers formed on t-Si by anodization for (a,d) 500 s, (b,e) 600
s, and (c,f) 700 s, shown at high (a—c) and low (d-f) magnification. (g) AAO thickness as a function of anodizing
time. All samples were pore-widened for 40 min in 1.8 wt% chromic acid and 6 wt% phosphoric acid after
anodization.

3.4. Vapor and Aqueous-Phase H20 Responses of Hierarchical AAO/t-Si Surfaces

Figure 10a—d shows the surface morphology of AAO/Si structures after pore widening for 40—
130 min. The measured pore diameter, porosity, and film thickness are summarized in Figure 10e.
Pore diameter and porosity increased with pore-widening time, reaching 89.5 + 18.4 nm and 37.2%,
respectively, consistent with the trend observed for freestanding AAO. Because the AAO was formed
by a single-step anodization of a thin e-beam-deposited Al layer, the surface pores were less ordered,
and the porosity increase was more gradual compared with freestanding AAO.
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Figure 10. FE-SEM images of AAO surfaces on t-Si after pore widening for (a) 40, (b) 70, (c) 90, and (d) 130 min.
Insets show corresponding cross-sectional views (scale bars: 500 nm). (e) Pore diameter (black) and film
thickness (blue) as a function of pore-widening time; porosity values are indicated in red. (f) Moisture
adsorption-desorption isotherms measured at 25 °C for samples with different porosities: (A) 13.6%, (B) 22.5%,
(C) 27.7%, and (D) 37.2%.

Moisture adsorption—desorption isotherms for samples with different porosities are shown in
Figure 10f. Adsorption capacity increased with porosity, reflecting the combined effects of higher
surface area and more available binding sites. A marked rise in adsorption was observed as porosity
increased from 22.5% to 27.7%, suggesting that exposed anionic impurities on the AAO surface serve
as additional adsorption sites for H,O. The water vapor uptake at 20% RH peaked at 6.42 cm? g! at
27.7% porosity, but decreased to 4.85 cm? g™t at 37.2% despite the higher porosity. This reduction is
attributed to structural collapse of the brittle pore walls after 130 min of pore widening, accompanied
by an ~8% decrease in oxide thickness. Such brittleness could impair adsorption performance and
generate particulate debris in MEMS devices.

Overall, these results indicate that acidic pore-widening is an effective strategy to enhance the
water-gettering capacity of AAO, but immersion time must be carefully optimized to avoid structural
damage, getter loss, and contamination.

Figure 11a,b show the surface morphologies and WCAs of Al/f-Si and porous AAO/f-5i prepared
by one-step anodization followed by 60 min pore widening. The Al/f-Si surface exhibited a WCA of
57°, while the nano-porous AAO/f-Si surface showed a reduced WCA of 38°. Although native
oxidized Al is generally hydrophilic (reported WCAs of ~67°7 or ~33°12 after electropolishing), the
lower WCA observed here likely arises from nano-scale roughness formed during e-beam
evaporation. During anodization, a porous oxide layer formed on the Al surface, introducing
hydroxyl groups that contribute to enhanced wettability'? 18 5 6, Thus, anodization can be considered
an effective strategy to regulate the wetting behavior of Al surfaces by combining nano-scale porosity
and surface chemical modification. However, these surfaces remain above the threshold for super-
hydrophilicity (WCA = 0°).

To further investigate the effect of micro-scale texturing, porous AAO layers were formed on
small- and large-pyramid t-Si substrates under the same anodization and pore-widening conditions
(Figure 11c,d). These hierarchical AAO/t-Si surfaces showed WCAs of 6° and 5°, respectively —
effectively super-hydrophilic and within experimental error of each other. This strong decrease in
WCA can be explained by Wenzel’s equation (cos Ow =r cos 0), where increasing the roughness factor
r amplifies the intrinsic wettability of a surface with 6 < 90°7 7., The results demonstrate that
combining nano-porous AAO with micro-textured Si dramatically enhances surface hydrophilicity,
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enabling near-complete water spreading. Similar behavior was reported by Leem et al. 72, who
observed super-hydrophilic (< 5°) wetting on Si surfaces with combined nano/micro textures
produced by KOH-based wet etching and ICP etching, confirming the critical role of micro-scale
texture in achieving extreme wettability.

WCA = 57°

Figure 11. FE-SEM images of (a) as-deposited Al on flat Silicon (f-Si), and AAO films formed on (b) f-5i, (c) small-
textured Si (t-Si), and (d) large-textured Si (t-Si). All samples were anodized for 175 s at 20 °C in 0.3 M oxalic acid
and pore-widened for 60 min in 1.8 wt% chromic acid and 6 wt% phosphoric acid. Insets show water contact
angles (WCAs).

To investigate nanoscale morphological evolution, AAO/t-Si samples (prepared on pre-textured
Si etched at 85 °C for 30 min) were subjected to pore-widening treatments for 20-80 min. As shown
in Figure 12a-c, increasing immersion time enlarged the pore diameter and porosity. After 80 min,
the pore sidewalls were heavily etched, leaving a wire-like framework composed of Al,Os; with an
atomic ratio of Al:O = 47:53 (Figure 12e). Further etching beyond 80 min caused the fragile nanowires
to collapse and detach from the surface (not shown).

Figure 12d shows the change in WCA with pore-widening time. The as-anodized surface
exhibited a CA of 72° + 8°, which sharply decreased to 3° + 2° after 20 min and remained near this
value (5° + 3°) beyond 40 min. This dramatic WCA reduction is attributed to the formation of a nano-
porous oxide layer atop the micro-textured substrate, which increases surface roughness at the
nanoscale. Similar trends have been reported by Ye et al. and Kim et al. for AAO prepared in
phosphoric acid®* and oxalic acid at 65 V?, respectively. In contrast, Buijinsters et al.?? showed that
AAQO films with much larger pores (140-190 nm) and ~60% porosity exhibit increased hydrophobicity
(WCA up to 128°), indicating that pore geometry critically influences wettability.

Interestingly, wettability continued to improve slightly between 60—-80 min despite no further
decrease in WCA, coinciding with the development of a porous binary structure composed of
nanowires and nanopores. The super-hydrophilicity of these wire-like Al;Os/t-Si surfaces cannot be
explained by Wenzel’s equation, which becomes invalid when cosO = 1 (r > 1). Instead, it is better
described by the three-dimensional capillary effect’. Through wicking and imbibition, water rapidly
spreads within the hierarchical structure, forming a thin solid-liquid composite film characteristic of
super-hydrophilic surfaces. These results align with previous reports of capillary-driven super-
hydrophilicity in broken-sheet and nanoporous structures?” 8.
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Figure 12. (a—) Top-view SEM images of AAO on t-5i: (a) as-anodized in 0.3 M oxalic acid at 50 V and 20 °C for
175 s, and after pore widening in 1.8 wt% chromic acid + 6 wt% phosphoric acid at 27 °C for (b) 40 min and (c)
80 min. Insets show corresponding WCAs. (d) WCAs as a function of pore-widening time. (e) Energy-dispersive

spectroscopy (EDS) spectrum of the wire-like structure in (c), showing an Al:O atomic ratio of 47:53.

Figure 13a—c shows the morphological evolution of AAO/t-Si after calcination at 600-1,220 °C,
and Figure 13d,e present the corresponding phase composition and WCAs. XRD analysis revealed
that the initially amorphous AAO transformed into y-Al,Os at 800 °C and further into a-Al,Oz above
1,220 °C. The as-anodized amorphous surface exhibited a WCA of 72° + 8°, which slightly increased
to 85° + 15° after calcination at 600 °C, indicating weak hydrophobic behavior. This can be attributed
to trapped air pockets within the porous structure, consistent with the Cassie-Baxter model”” 8. Upon
heating to 800 °C, the WCA abruptly dropped to near 0°, despite the surface retaining a mottled
morphology without apparent structural collapse, suggesting the formation of metastable y-AlO;
mixed with amorphous domains. At 1,220 °C, thermodynamically stable a-Al,Os; was obtained,
showing smoothened surfaces except for occasional protrusions at pyramid tips (Figure 13c inset),
likely due to surface atomic migration filling the inverted pyramid regions. This smooth a-AlO;
surface also exhibited WCAs close to 0°. The sharp transition from hydrophobic to super-hydrophilic
wetting cannot be explained solely by surface roughness, indicating a role of surface chemistry.

Amorphous AAO/t-Si showed high variability in WCA (>65°) due to its unstable nature and
susceptibility to conversion into boehmite, which reduces surface area and porosity®> %. Considering
the sessile droplet method is highly sensitive to local heterogeneity, such variations are reasonable?.
In contrast, both v- and a-AlLO; phases are known to present higher densities of hydroxyl groups
and active sites than the amorphous phase?? 8, leading to enhanced surface hydrogen bonding with
H:O. Thoroughly cleaned a-AlLO; films have reported WCAs < 5°%2, consistent with the present
results. These findings demonstrate that calcination can convert porous amorphous AAO into super-
hydrophilic y- or a-Al,O; by increasing surface energy through crystallization and hydroxylation.
However, the high temperatures required (>800 °C) may limit compatibility with existing device
manufacturing environments.
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Figure 13. FE-SEM images of AAO on t-5i calcined for 5 h at (a) 600 °C, (b) 800 °C, and (c) 1,220 °C (inset: cross-
sectional view of (c)); (d) XRD patterns of AAO after calcination under the same conditions; and (e) WCAs

measured before and after calcination.

Building on the preceding investigations of surface roughness and crystallinity effects, we
further examined how surface functionalization contributes to wettability by inducing hydroxyl-rich
phases through hot-water treatment (boehmitization). Figure 14 shows the morphological evolution
of porous AAQO/t-Si after immersion in boiling water (=100 °C) for different times. After 2 min, the
nanopores began to seal and small hydrate nanoparticles appeared on the surface (Figure 14b).
Immersion for 5 min led to the emergence of flake-like structures, often described as flower- or petal-
like, which progressively grew into dense sheet-like networks as immersion time increased to 10 and
15 min (Figure 14c—e).

This transformation aligns with previous reports that Al, Al alloys, and Al,Os rapidly form
hydrated oxide layers containing abundant hydroxyl (-OH) groups when exposed to hot water (50—
100 °C)83%, The initial reaction produces loosely packed AlO3;xH,O and hydrogen gas, generating
nanoscale capillary pores®*Continued reaction with H,O converts this layer into crystalline boehmite
[AIO(OH)]¥. The growth of hydroxide/boehmite nanostructures increases both the surface roughness
and the density of surface hydroxyl groups, thereby enhancing surface energy and imparting super-
hydrophilic character® 34 8. Collectively, the SEM images indicate that the hierarchical porous film
obtained after the optimized 10 min immersion consists of a mixed hydroxide-boehmite network
enriched with hydroxyl groups, which likely underlies its strong water affinity.
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Figure 14. FE-SEM images of top views and cross-sectional insets of AAO on t-Si: (a) as-prepared and after

immersion in boiling water for (b) 2 min, (c) 5 min, (d) 10 min, and (e) 15 min.

Figure 15a,b show the morphological evolution after 10 min immersion in boiling water. The flat
AAO/Si developed uniform petal-like AIO(OH) structures of 50-300 nm, whereas the hierarchical t-
Si substrate produced multi-scale architectures composed of micro-pyramids covered by slightly
curled nanosheets. Despite both surfaces appearing hydrophilic, the WCAs revealed a striking
contrast: 23° on flat AIO(OH)/Si versus complete water spreading (=0°) on hierarchical AIO(OH)/t-Si.
This dramatic enhancement arises from two synergistic factors: the abundant surface hydroxyl
groups formed during boehmitization, which strongly hydrogen-bond with H,O, and the capillary-
driven imbibition enabled by the hierarchical micro/nano structure.
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Figure 15. Low- and high-magnification SEM images of (a) flat Al/Si and (b) hierarchical AAO/t-Si surfaces after
hot-water treatment for 10 min. Insets show WCAs. (c) Moisture adsorption/desorption isotherms of (a) as-
prepared AAO/t-Si, (b) 800 °C-calcined Al,Os/t-Si, and (c) hot-water-treated boehmite [AIO(OH)]/t-Si surfaces.

Moisture adsorption/desorption isotherms (Figure 15c) further support this conclusion. All
samples were pre-heated at 300 °C for 24 h under vacuum to remove physisorbed water before
measurement. As RH increased, water vapor uptake proceeded through successive stages:
hydroxylation, monolayer adsorption, multilayer formation, and finally capillary condensation? 5% 7.
%, Hydration-to-condensation transitions near 30-40% RH confirmed the presence of nanopores on
both porous surfaces. The y-Al,Os/t-Si surface showed slightly higher uptake than amorphous
AAQ/t-Si, likely reflecting its intrinsic porosity.

Notably, the AIO(OH)/t-Si exhibited a water vapor capacity of 11.51 cm®/g at 30% RH—five to
six times higher than amorphous (1.87 cm?®/g) or y-phase (2.27 cm?3/g) AlOs/t-Si. This exceptionally
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high adsorption is attributed to both increased surface area and the high density of hydroxyl groups.
However, some chemisorbed water may not have been fully removed during pre-treatment; previous
studies report that annealing above 700 °C is needed to eliminate surface hydroxyls from alumina®.
Thus, optimizing pre-treatment to remove residual -OH groups while remaining compatible with
device processing could further enhance the apparent gettering capacity of these super-hydrophilic
surfaces.

These results highlight that hierarchical structuring amplifies the intrinsic hydrophilicity of Al-
based oxides, and that surface chemistry — particularly hydroxyl group density —plays a decisive role
in enabling super-hydrophilic wetting and enhanced moisture adsorption.

3.5. Hydrophobic Surface Modification of Hierarchical Al,O3/Si via PFOTS Treatment

To examine the effect of surface energy modulation on wetting behavior, the hierarchical Al-
based oxide surfaces were further functionalized with (1H,1H,2H,2H-perfluorooctyl)trichlorosilane
(PFOTS), a fluorinated silane known to form low-surface-energy coatings. As shown in Figure 16, all
PFOTS-treated samples exhibited markedly increased WCAs compared to their as-prepared states,
indicating successful conversion to hydrophobic surfaces. The smooth a-AlOs/Si reference (Figure
16a) showed an average WCA of 95°, consistent with previously reported values (~80°)74.

| PFOTS treated
e As-prepared %

{ ]

Figure 16. (Left) SEM images of (a) smooth a-AlOs/Si, (b) porous AAO/Si, (c) AAO/t-Si, (d) porous AAO/t-Si,
(e) wire-like Al,O3/t-Si, and (f) boehmite [AIO(OH)]/t-Si; (Right) WCAs measured on each surface before (black
circles) and after PFOTS treatment (red squares).

Hierarchical surfaces with micro/nano dual roughness (Figure 16b—d) exhibited WCAs of 100-
110° after PFOTS treatment, significantly higher than their hydrophilic as-prepared states. This
enhancement is attributed to air entrapment between the surface asperities, which reduces the liquid-
solid contact area in accordance with the Cassie-Baxter model” 78. In contrast, collapsed porous
structures (Figure 16e) showed diminished hydrophobic recovery despite PFOTS treatment, likely
because the dead-end geometry prevents stable air entrapment and fails to support the Cassie—Baxter
state.

Interestingly, the edge-curved nanosheet morphology of the AIO(OH)/t-Si surface (Figure 16f)
exhibited both high hydrophilicity before treatment and pronounced hydrophobicity after PFOTS
modification. The nanosheets act as discrete pillars supporting the droplet, resembling hierarchical
mushroom-like architectures reported to enable wet self-cleaning behavior®’. These results
demonstrate that the final wettability is governed by the interplay between surface roughness
hierarchy and surface free energy, and that PFOTS treatment can switch super-hydrophilic
hierarchical structures to hydrophobic states when their geometry supports stable air entrapment.
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5. Conclusions

This work establishes a versatile strategy to engineer hierarchical Al,O; architectures on t-Si by
integrating nanoporous AAO and boehmite [AIO(OH)] layers through controlled anodization and
post-treatment. Pore-widening increased the porosity of AAO (22-49%) and boosted water vapor
uptake at 20% RH from 2.66 to 7.30 cm? g, primarily by exposing additional adsorption sites such
as incorporated anionic species (O-, O%, oxalate). Complementary thermal annealing converted
amorphous AAO into y- and a- ALLO;, while hot-water treatment generated hierarchical AIO(OH)
nanosheets enriched with hydroxyl groups. Both approaches yielded near-zero water contact angles
and rapid water spreading driven by capillary wicking and imbibition effects. Furthermore, surface
fluorination with PFOTS enabled a reversible transition from super-hydrophilic to hydrophobic
states via the Cassie-Baxter wetting regime.

Collectively, these findings demonstrate that hierarchical AAO/Si and AIO(OH)/Si interfaces
combine high moisture gettering capacity with tunable water affinity, offering dual functionality for
hermetically sealed MEMS packaging and responsive humidity sensing. This study provides a
platform approach to exploit hierarchical Al,O; architectures as multifunctional water-affine
interfaces for next-generation MEMS-based environmental control and sensing systems.
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