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A novel method to fabricate ultra-low reflective Si surfaces with nanoscale hierarchical structures is
developed by the combination of AIOOH or boehmite nanoflakes nested on plasma-etched Si
nanopillars. Using CF; plasma etching, Si surfaces are nanostructured with pillar-like structures by

selective etching with self-masking by fluorocarbon residues. AIOOH nanoflakes are formed by Al thin
film coating with various thicknesses and subsequent immersion in boiling water, which induces the
formation of nanoscale flakes through the hydrolysis reaction. AIOOH nanoflakes are formed on Si
nanopillared surfaces for hierarchical structures, which are coated with a low-surface-energy material,

resulting in a higher water wetting angle of over 150° and a very low contact angle hysteresis of less
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than 5°, and implying a self-cleaning surface. Reflectance reduced to 5.18% on average on hierarchical

nanostructures in comparison to 9.63% on the Si nanopillar surfaces only. We found that Si nanopillars
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1 Introduction

Continuous efforts have been made to the development of ultra-
low- or anti-reflective superhydrophobic surfaces for use in solar
cell panels or detecting devices to increase cell performance and
durability via self-cleaning under harsh environments.'” To
enhance solar cell performance, studies have addressed several
issues, ranging from the high absorption rate of sunlight to the
conversion efficiency of light into electrical energy. High-energy
sunlight absorption can be achieved by reducing scattering or
reflection on the surfaces by adopting efficiently designed
structures in nature such as moth-eye micro/nanoscale pillar
structures. It is known that the natural designs achieve anti-
reflection by using well-aligned arrays of ripples for the system-
atic reduction of reflection and improvement of transmission,
allowing insects such as moths and butterflies to live in low-
intensity light available in the night time. Especially, the tapered
cross-sectional profiles of such anti-reflective structures increase
the refractive index difference between air and the surface
feature, maximizing light transmission.*”

Inspired by moth-eye structures, several studies have devel-
oped low-reflective surfaces on various materials such as
semiconductors, polymers, diamonds, or metals using e-beam
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reduced reflection for wavelengths ranging from 200 to 1200 nm while AIOOH nanoflakes reduced
reflection for wavelengths longer than 600 nm.

evaporation, chemical vapor deposition, sputtering, plasma or
reactive ion etching (RIE), and sol-gel or hydrothermal tech-
niques.®® In particular, Si surfaces with nanostructures known
as nanograss made by RIE or nanoimprinting have been
reported to have very low reflectance (0.8%) for 400 to 800 nm
light. However, these methods suffer from high cost, complex
fabrication, and the use of toxic solutions such as HF or HCI to
form the Si nanostructures. Furthermore, to improve the
absorption rate of light, several studies have reported multi-
scale roughness by forming ZnO nanostructures on micro-
structured silicon using continuous solution methods.’

Superhydrophobic surfaces are crucial for maintaining the
durability of solar cell panels, which should gather sunlight
without loss through reflectance under harsh environments
such as deserts, and thus require self-cleaning or easy cleaning
procedures. Moth-eye surfaces have also achieved self-cleaning
using the high fraction of air trapped between textured
arrays.'®"* Hydrophobic or superhydrophobic surfaces are ach-
ieved by applying coatings with low surface energy on textured
surfaces, which usually mimic micro-/nano- or hybrid struc-
tures such as a lotus leaf, which has a high water contact angle
(CA) and low contact angle hysteresis (CAH)."”> When a water
droplet is placed on a lotus leaf, it forms a nearly perfect
spherical shape that rolls off and cleans the contaminated
surfaces.*

Herein, we have developed a novel method to fabricate ultra-
low reflective and superhydrophobic Si surfaces having hierar-
chical structures using aluminum oxide hydroxide (or AIOOH)
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nanoflakes nested on plasma-etched Si nanopillars. This
method allows the non-toxic, fast, and room-temperature
fabrication of dual-scale hierarchical surfaces on Si. Nano-
pillared Si surfaces and AIOOH nanoflakes fabricated individ-
ually provide anti-reflection due to the high nanoscale
roughness and superhydrophobicity by coating with low-
surface-energy materials, respectively.’* However, the combi-
nation of these two structures improves hydrophobicity and
anti-reflectance. AIOOH nanoflakes are formed by Al thin film
coating with various thicknesses and subsequent immersion in
boiling water, which induces the formation of nanoscale flakes.
AIOOH nanoflakes are formed on Si nanopillared surfaces for
the fabrication of hierarchical structures as shown in Fig. 1.

SiO,-containing DLC (SiO,-DLC) films are coated via plasma
polymerization of a hexamethyldisiloxane (HMDSO) vapor on
prepared samples to increase hydrophobicity. Water CA and
CAH measurements are performed to characterize the robust-
ness of the superhydrophobic surfaces for wettability. The
optical reflectance as a function of surface structure is analyzed
by UV-Vis spectroscopy.

View Article Online
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2 Experimental

The overall procedure for the fabrication of hierarchical nano-
structures on Si (100) is shown in Fig. 1. Detailed conditions for
the formation and characterization of the structures are
provided below.

2.1 Sample preparation

Si (100) surfaces with nanoscale pillars are formed by the CF,
plasma etching of flat bare Si wafers. Si wafers are etched to
form nanopillars through a reactive ion etching using a radio
frequency (r.f.) glow discharge of CF, gas at 30 mTorr and —600
V bias voltage.”® This simple etching procedure produced
nanopillars on the Si surface by selective etching. It is known
that CF, plasma-treated Si surfaces have local fluorocarbon
clusters formed from the CF, plasma and turned into a self-
mask against fluorine reaction. However, Si surfaces without
fluorocarbon clusters are preferred for etching of Si with the F
atoms, which have high reactivity toward Si.'* A CF, plasma
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Fig. 1 (a) Schematic for the fabrication of hierarchical nanostructures. (b) Si nanopillars are formed by CF,4 plasma etching for 60 min. (c) Si nanopillar surfaces are
coated with 10 nm thickness Al by e-beam evaporation. (d) Al-coated Si surfaces are immersed in boiling water at a temperature of above 100 °C for 10 min, resulting in
a hierarchical structure of Si nanopillars covered by AIOOH nanoflakes. Representative images taken by SEM have the same magnification. The scale bar is 500 nm. (e) Si
surfaces with hierarchical nanostructures turned black and superhydrophobic. The width of the Si plate is 2 cm.
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treatment duration ranging from 30-90 min is chosen to yield
various surface roughnesses and aspect ratios.* This is defined
as the ratio of pillar height to pillar diameter. The pillar height
is controlled from 500 to 1500 nm, and the diameter is about
100 nm. Al hydroxide nanoflakes are fabricated by Al thin film
coating with e-beam evaporation and subsequent boiling-water
immersion. The thickness of the Al coating on flat and nano-
structured Si surfaces is varied from 10 to 50 nm. Al coated
samples are immersed in boiling water for 10 min, which
resulted in the formation of Al hydroxide nanostructures.

2.2 Hydrophobic coating

The SiO,~DLC film is coated on the surfaces using a HMDSO
precursor via r.f. plasma-assisted chemical vapor deposition
(PACVD). The SiO,-DLC film from the plasma polymerization of
HMDSO is chosen to increase the surface hydrophobicity due to
a low surface energy of 24.2 mN m ™. The film is known to have
good mechanical performance in terms of wear resistance,
hardness, and controllable coating thickness.” The bias voltage
and working pressure are —400 V and 10 mTorr for 5 s,
respectively, which resulted in a static CA of 90° for the SiO,~
DLC films on flat surfaces. However, the CA is approximately
equal to or greater than 160° on the nanostructured surfaces.
The detailed process used in the fabrication of super-
hydrophobic surfaces is implemented from a previous study.*

2.3 Characterization

We characterized the wettability of the hierarchically nano-
structured surfaces by measuring the CA and CAH of deionized
(DI) water droplets. For these measurements, approximately 5
pL in volume water droplets with a radius of approximately 1
mm are gently deposited on the surfaces using a microsyringe.
The advancing CA is measured by adding a DI water sessile drop
(~5 pL) and the receding CA by the removal of water from a DI
water sessile drop. The CAH is calculated as the difference
between the advancing and receding CAs. All measurements are
taken using a contact angle goniometer (Rame-Hart) in ambient
air at 15 °C with a relative humidity of 20-35%.

The reported CAs are determined by averaging the
measurements from five different spots on each sample.

The nanostructures on the surfaces are observed with a
scanning electron microscope (SEM, Nova 600, FEI), and the
crystalline phase of the surfaces is examined by X-ray diffraction
measurement (XRD, Bruker, D8 Advanced). Compositional
analysis is performed with an X-ray photoelectron spectroscope
(XPS) to investigate the chemical change from the hydrolysis
reaction before and after the boiling water treatment on the Al-
coated Si surfaces. An Al Ko (1486.6 eV) X-ray source is used as
the excitation source, and the anode is maintained at 250 W, 10
kv, and 27 mA at a chamber pressure of 2.67 x 10~% Pa with a
beam spot size of 400 pum x 400 um. The peak position is
calibrated using the Ci1s peak at 284.6 eV. The UV-Vis
measurements are performed in the wavelength range of 200-
1200 nm using a spectrophotometer (Perkin-Elmer, Lambda 20)
at room temperature. The spectra are recorded by taking air as a
reference.
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3 Results and discussion

Al oxide nanoflakes formed on the flat Si surfaces with Al
thicknesses ranging from 10 to 50 nm. As the thickness of the
coated Al film increased, the configuration varied from sharply
linear to relatively wide nanoflakes, ranging from 100 to 200 nm
in length (Fig. 2). After the boiling water immersion test, the
thickness of the Al oxide layer with nanoflakes increased by 10
times compared with the as-deposited Al film (Fig. 2). Fig. 3
shows the characteristics of the various surface morphologies of

(@) )

Fig. 2 Cross-sectional SEM images of the Al-coated flat Si are measured with
thicknesses of (a) 10 nm, (c) 30 nm, and (e) 50 nm at a 70° tilt-view. The Al-coated
Si surfaces are coated by an e-beam evaporator and the corresponding images
are shown after boiling water immersion for 10 min (b), (d), and (f), respectively.
All images have the same magnification. The scale bar is 500 nm.

CF4 plasma treatment duration

No treatment

No coating

Aluminum coating thickness

Fig. 3 SEM images of single and hierarchical structures at a 30° tilt-view. Si
nanopillars evolved with the plasma etching (from left to right). Al oxide nano-
flakes formed on the Si surfaces with 0 nm, 10 nm, 30 nm and 50 nm coating
thicknesses through a fixed hydrolysis duration of 10 min boiling water immer-
sion. All images have the same magnification. The scale bar is 500 nm.
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the Si surfaces: Si with pillars only and pillars decorated with or
without Al oxide nanoflakes. The nanopillars have diameters of
100 to 150 nm and heights of 500 to 1500 nm with respect to the
CF, plasma etching duration. Al oxide nanoflakes formed on
top of the nanopillared Si, thereby resulting in a nanoscale
hierarchical structure.

The Al oxide nanoflakes grew uniformly over the entire
nanopillared Si, and the cover density increased with Al film
thickness.

Some researchers reported that the reaction of Al in boiling
water creates a porous nanostructure such as flakes or pseudo
boehmite as confirmed by morphological observation and
chemical analysis for water temperature and treatment dura-
tion." It is known that in the immersion of Al in boiling or hot
water, OH ions are sufficient to form AIOOH rather than Al,O; at
temperatures above 100 °C. After a brief boiling water treat-
ment, AIOOH islands form and then spread over the Al surface.
The islands achieve flake-like structures due to the bubbles
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Fig. 4 (a) XRD measurements before and after boiling water treatment and XPS
spectra of Al coated surfaces (b) before and (c) after boiling water immersion.
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bursting near the Al surface in boiling water." To confirm this
mechanism, the crystalline phase of Al oxide nanostructures is
characterized by diffraction measurement (XRD) as shown in
Fig. 4a. The Al-coated surface before boiling water treatment
showed a peak related to the Al oxide phase induced by natural
oxidation.

However, the surfaces after boiling water treatment revealed
three characteristic peaks related to boehmite (AIOOH) with a
broad and amorphous nature due to the thinness of the coated
layer.'®2°

XPS analysis of the Al surfaces with and without water
immersion is performed to characterize the chemical change.
The O1s XPS spectra with a range of 527-537 eV are used to
distinguish the bonding information of AIOOH (Fig. 4b and c).
The O1s peaks deconvoluted into two main peaks at 530.8 (O in
AlO) and 531.9 (O in OH) and deconvoluted into two minor
peaks related to a differential charge at 529.7 and 533.0 eV.”" In
the case of the O1s peak in AIOOH, both 530.8 and 531.9 eV
peaks are dominant. However, only the 531.9 eV peak is domi-
nant in the case of Al,0; and Al(OH);. Studies showed that the
boehmite structure is formed by the reaction between Al ions
moving outwards from the Al bulk and hydroxyl ions formed on
the external surface.”*® At a high temperature of 100 °C in
water, the Al surface is attacked by bubbles and AI** ions form,
which combine with the abundance of OH™ ions in boiling
water and result in AIOOH boehmite. The final boehmite
structure is amorphous due to the outward migration of cations
and bubble attack.>*** This result indicates that the fabricated
nanostructures formed on the surface consist of a boehmite
phase of AIOOH.

The static CA and CAH of the sessile water droplets on the
samples with various plasma durations with or without Al oxide
nanoflakes are shown in Fig. 5. The flat Si surface with hydro-
phobic coating has a static contact angle of 90°, corresponding
to the mild hydrophobic nature of a coated SiO,~DLC film. The
Si surfaces with nanopillars formed by different CF, plasma
durations feature an increased CA of 130-140° owing to an
increase in nanoscale roughness with plasma duration. In the
case of AIOOH nanoflakes with three different Al coating
thicknesses, all samples have higher CAs than those on the Si
surfaces with nanopillars. The CAH is also lower on the hier-
archically structured surfaces.

The nanopillar geometries on Si substrates varied in diam-
eter and height with variation of the CF, plasma treatment
duration. Theories of wetting behaviors on the micro-textured
surfaces including Wenzel and Cassie-Baxter have been devel-
oped for single or dual micro/nano roughness scales.>*?® The
governing equations in these theories are derived from the
interfacial energy minimization of single droplets on a textured
surface. v is the surface tension of the liquid-gas interface,
vs1 is the surface tension of the solid-liquid interface, and ysg
is the surface tension of the solid-gas interface at equilibrium.
Young's equation is given by cos § = (ys¢ — vYsL)/vLg- In the
Wenzel regime, a droplet is totally wetted on the surface and the
apparent CA 6y is given as a function of r and 6:

cos By =rcos f (1)

Nanoscale, 2013, 5, 10014-10021 | 10017
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Fig. 5 (a) CA and (b) CAH with respect to Al coating thickness on Si with
nanopillars after hydrophobic coating. Some representative water droplets on the
surfaces are present.

where r is the dimensionless roughness, which is defined as a
cylindrical pillar shape* and 6 is the static CA on the flat
surfaces. On the other hand, a droplet is suspended on the
asperities of surfaces in the Cassie-Baxter regime and the
apparent CA f¢g is given as a function of fs and ¢:

cos Ocp = fs(cos § + 1) — 1 (2)

where fs is the solid fraction of contacted water in the pillar top
area. As shown in Fig. 5b, the wetting behavior on Si surfaces
with single roughness nanopillars received up to 30 min of CF,
plasma treatment and could be described by the Wenzel state.
The increases in CA and CAH were due to the nanostructure.
However, the 60 and 90 min of CF, plasma treatment created a
surface with a very low CAH of less than 10°, which is a char-
acteristic of the Cassie-Baxter state. The water droplet main-
tains the superhydrophobic Cassie-Baxter state on the
hierarchical surfaces composed of two different nanoscale
roughnesses as shown in Fig. 1c. The surfaces with dual-scale
roughness can be considered a nanoscale Cassie-Cassie (CC)
state as discussed in prior studies.”””® The static CA on each
state can be determined using Young's equation and energy

10018 | Nanoscale, 2013, 5, 10014-10021
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minimization with the Cassie-Baxter equation considering
nanopillars (P) and nanoflakes (F), which is given by

cos fcc = fspfsg(cos 6 + 1) — 1 (3)

where the roughness factors fsp and fsr are calculated for
nanopillars and nanoflakes, respectively, and by considering
the nanostructures to be regular patterns. When the spacing
between pillars and pillar diameter were 300 nm and 120 nm,
respectively, the pillar height increased from 500 to 1500 nm for
plasma durations from 30 to 90 min. Using these measure-
ments, the theoretical CA is estimated at 143.8°, which is lower
than the experimental measurement at approximately 150°. The
pillar geometries were not uniform in height and width and the
pillars randomly distributed, which is not reflected in the
theory. In the case of AIOOH nanoflakes nested on Si nano-
pillars and a hierarchical structure having dual roughness, the
CA is estimated at 163° and is derived from eqn (3) by taking a
solid fraction of AIOOH nanoflakes as 0.01. The CA is calculated
using a width of approximately 100 nm and a flake thickness of
less than 50 nm. This result is quite similar to the values
obtained by experiments (160-166°).

Along with superhydrophobicity, optical anti-reflectance is
an essential requirement for the improvement of solar energy
conversion in solar cells. In addition to improving hydropho-
bicity, controlled roughness plays a crucial role in reducing the
light reflectance due to the enhancement of light scattering,
which is similar to the moth-eye effect. In Fig. 6, optical images
in visible color mode are compared to the surface roughness. As
the Al thickness on the flat Si substrate increased, the surfaces
turned blue, while on the nanopillared Si substrate without
AIOOH nanoflakes, the surfaces turned dark. It can be consid-
ered that with the optical transparency of AIOOH of 95% above
350 nm in optical wavelength, optical absorption by the AIOOH
layer increases on either flat or structured surfaces. In the case
of hierarchical surfaces, as the Al thickness and CF, plasma

CF4 plasma treatment duration
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o
5
=
@ |
Q
o
]
z

Aluminum coating thickness
10 nm

50 nm

Fig. 6 Optical images taken on various surfaces with increasing plasma etching
duration from left to right, and with and without Al coating (10 nm and 50 nm
thicknesses). The back plate is stainless steel. The view angle is 30°.
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etching duration increased, the surface turned black due to
incident light scattered by more complex geometries of AIOOH
nanoflakes as shown in Fig. 2 and 3.

Fig. 7 shows the reflectance measured in the range of 200-
2000 nm for pristine Si, single nanostructure of Si with nano-
pillars or AIOOH nanoflakes, and hierarchically nanostructured
Si by the combination of AIOOH nanoflakes nested on nano-
pillars. In the case of the reflectance spectra of the flat single-
roughness Si with AIOOH flakes, Fig. 7a indicates that as the Al
coating thickness increased, the reflectance of Si gradually
decreased to 11.9% for an incident light wavelength of 1200 nm,
corresponding to the near-infrared region. This result is related
to the covering density and the aspect ratio of hydroxide
nanoflakes, which increased with the added Al coating thick-
ness (Fig. 2). In Fig. 7b, a comparison of the reflectance spectra
of Si before and after nanostructuring by CF, indicates a
significant decrease in the reflectance of Si from 7.9 to 3.3% at a
wavelength of 600 nm, corresponding to the visible region. This
agrees well with the reflectance change on wet-etched Si
reported in previous studies.*>* Compared to the reflectance
reduction by AIOOH nanoflakes, the CF, plasma-etched Si
pillars exhibited a greater improvement at a shorter wavelength
regime of incident visible light. In Fig. 7c, nanoscale hierar-
chical structures with nanopillared Si using a fixed CF, etching
duration of 60 min are shown to significantly reduce the
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reflectance to 4.1% for 600 nm light and 11.9% for 1200 nm
light with the increase of Al thickness from 10 to 30 nm.
Furthermore, the hierarchical structures with 90 min of CF,
etching exhibited ultra-low reflectance (1.75%) at a wavelength
of 600 nm and a reflectance of 8.2% at a wavelength of 1200 nm.
The average reflectance value is measured for 200-2000 nm in
optical wavelength on various substrates with flat single nano-
structures and hierarchical nanostructures in Table 1.

The reflectance of flat Si having 35.8% would be reduced to
5.18% on the hierarchical nanostructure. Because Si with
nanopillars having higher aspect ratios significantly reduced
the reflectance, the effect of AIOOH nanoflakes is relatively
lower in absolute value. Overall, the Si with nanopillars showed
a higher reduction in reflectance for optical wavelengths below
600 nm, whereas the AIOOH flake acts on wavelengths above
600 nm. Therefore, the nanoscale combination of these two
structures creates a hierarchical dual structure with improved
anti-reflection over a wide range of visible wavelengths (Fig. 7c
and d).

Density grading is enhanced with dual structures. Surfaces
with only nanoscale pillars or only nanoflakes showed much
higher reflectivity for visible wavelengths (Fig. 7a and b). Peri-
odic grating structures can be analyzed using grating diffraction
or the effective reflective index equation.*** However, the anti-
reflection characteristics of non-uniform dual structures are

100
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80} —— Si nanopillar 90 min
X 60f
8
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& 20t
0 L 1 1
400 800 1200 1600 2000
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—— Si nanopillar 90 min
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Reflectance (% )
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Fig. 7 Reflectance is measured on various Si surfaces with a single roughness formed by (a) different CF, plasma treatment durations and (b) different Al coating
conditions with water immersion. The reflectance is also evaluated on hierarchical structured surfaces with various Al coating thicknesses on nanopillar Si surfaces with
plasma durations of (c) 60 min and (d) 90 min with respect to the incident light wavelength.
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Table 1 Reflectance (%) of various Si surfaces with respect to Si nanopillars or
AIOOH nanoflakes

Wavelength (nm)

Al thickness

Si structure  (nm) 300 600 1200 1800  Average
Pristine 0 62.23 35.23 31.37 30.59 35.82
10 53.26 25.80 28.25 29.16 30.81
30 55.87 21.61 19.23 24.42 25.21
50 53.96 21.09 11.93 13.73 20.39
CF, 60 min 0 5.56 795 1790 23.48 15.32
10 2.11 5.25 12.85 19.56 11.42
30 2.53 4.67 10.30 14.69 9.41
50 1.63 4.17  11.92 8.59 7.58
CF, 90 min 0 1.28 3.32  10.83 17.74 9.63
10 0.52 2.45 9.18 15.33 8.14
30 0.19 1.77 7.65 11.32 6.23
50 0.11 1.75 8.17 8.01 5.18

difficult to analyze with Fresnel's equation or the diffraction
grating equation due to the hierarchical structures with nano-
scale roughness. Although the quantitative estimate of the
effective reflective index for a dual density grading layer is not
discussed in detail, it could be suggested that the dual structure
with dual density graded layers provides a smoother continuous
connection of the incident and passing media, lowering the
reflectivity.

4 Conclusions

Anti-reflective and superhydrophobic surfaces having nano-
scale hierarchical structures are introduced by the combination
of AIOOH nanoflakes nested on plasma-etched Si nanopillars.
AIOOH nanoflakes are formed by the Al thin film coating of
different thicknesses and subsequent boiling water immersion
via a bubble bursting mechanism on the Al oxide surface and
the reaction of Al ions and water, confirming the boehmite
phase by XRD and XPS. Hierarchical structures coated with a
low surface energy material have higher water CA (over 150°),
while the contact angle hysteresis is very low, implying the
creation of a self-cleaning surface with a dual-scale Cassie-
Cassie mode. Reflectance is significantly reduced to 5.18% on
average by the presence of hierarchical nanostructures that are
enhanced by the combination of two different surface textures
on the nanoscale: Si nanopillars with higher aspect ratios for
higher reduction in reflectance for optical wavelengths from 200
to 1200 nm and AIOOH nanoflakes for optical wavelengths
above 600 nm. Using the synergetic effect of the dual nano-
structures, which exhibit ultra-low reflectance as well as
superhydrophobicity, the hierarchical surfaces can be used for
solar cell panels or some display devices to increase perfor-
mance and improve durability through self-cleaning under
harsh environments.
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