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Fabrication of Nanostructures and Wettability Control on

Glass Surfaces Using Hydrogen Fluoride Gas
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Superhydrophobic glass surfaces are crucial for improving visibility in applications such as
outdoor cameras, sensors, and automotive windows. This study introduces a novel and
efficient method for fabricating nanoscale structures on glass surfaces through chemical
reactions with hydrogen fluoride gas. This process facilitates the rapid development of
nanostructures that exhibit superhydrophobicity, superhydrophilicity, and anti-reflective
properties. Notably, it does not require mask formation and can be performed under
atmospheric pressure, making it compatible with the float process, a widely used technique
for producing flat glass. This compatibility is anticipated to significantly boost manufacturing
efficiency. Treated with the water-repellent agent (1-H, 1-H, 2-H, 2-H-tridecafluorooctyl)
trimethoxysilane (FAS-13), the nanostructured glass surfaces achieved a maximum water
contact angle of 162° . In addition, the presence of nanostructures greatly improved visible
light transmittance. The resulting glass surfaces, which feature low reflectivity and
superhydrophobicity, demonstrate promising applications in various fields, including
architectural glazing, automotive windows, solar panels, and protective covers for sensors in
autonomous vehicles. This method represents a promising advancement in the development
of functional glass materials across multiple industries.
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Substrate

Fig. 1 Schematic of the electric furnace.
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Fig. 2 Scanning electron microscopy (SEM) images of the
surface and cross-section of the untreated substrate
in (a), (d), the HF-treated substrate in (b), (e), and
the substrate cleaned with 10 % hydrochloric acid
after HF treatment in (c), (f).

Table 1 Surface composition (at%) of each substrate as measured by X-ray photoelectron spectroscopy (XPS).

O (1s) F (1s) Na (1s) Mg (2p) Al (2p) Si (2p) Ca (2p)
Untreated 61.3 0.1 92 21 1.0 248 1.6
HF 1.8 454 314 9.2 2.0 28 7.4
HCl sol. after HF 62.1 1.6 6.5 25 02 26.5 0.6
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Fig. 3 Depth profile of elemental composition of substrates
treated with 5 % HF at 500 °C for 4 seconds.
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Fig. 4 X-ray diffraction (XRD) patterns of substrate treated
with 5 % HF at 500 C.
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Fig. 5 Water contact angles measured on each substrate
just after UV-ozone treatment and after 30 days of
atmospheric exposure.
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Fig. 6 Atomic force microscopy (AFM) images showing the
substrate surface after HF treatment (a) and after
subsequent HCI cleaning (b); corresponding height
distribution histograms derived from each AFM
image, normalized such that the mean height is zero
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Fig. 7 (a) Water contact angles measured on each
substrate. (b-d) Images of water droplets on the
surfaces of (b) the untreated substrate, (c) the HF-
treated substrate, and (d) the substrate subjected to
HF treatment followed by HCI cleaning and FAS-13
deposition.
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Fig. 8 SEM images of the substrates treated at various temperatures. The upper row shows substrates treated with HF, and the

lower row shows those further cleaned with hydrochloric acid.
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Fig. 9 Thermogravimetry-differential thermal analysis (TG-
DTA) data for the fluoride formed at 500 °C .
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Fig. 10 Cross-sectional SEM images of substrates treated
at 500°C and 600°C : (a) and (b) correspond to
substrates subjected to HF treatment, whereas (c)
and (d) showthose furthercleaned with
hydrochloric acid following the HF treatment.
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Fig. 11 (a) Water contact angle as a function of treatment
temperature. The bottom images show representative
droplets with contact angles of (b) 143° on a substrate
treated with HF alone at 650°C, and (c) 162° on a
substrate treated with HF at 650 °C followed by
hydrochloric acid cleaning.
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Table 2 Advancing contact angle (CAA), receding contact
angle (CAR), and contact angle hysteresis (CAH)
values of surfaces cleaned with hydrochloric acid
after HF treatment at various temperatures.

CAA(°) CAR (*) CAH (°)
Untreated 113 100 13
500 °C 170 139 30
550°C 169 138 31
600 °C 169 147 22
650 °C 167 164 3

Z Z T, Effective medium theorylZ3#—> X A%
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Fig. 12 Transmittance spectra for substrates cleaned with
hydrochloric acid after HF treatment at various
temperatures.

3.4. EROFED
INLOMRETEDL L, HEF AMBIZ X 5%
OB E G2 MABEDELZEIZE), TR
HiizLyF 7L, WlllELHEETE S 2 &%
Motze ZORMIBIKMEZ B MHMEHET 2582 4
B, BRI A RS 5 2 & TR B S 2
EHMEETH Do & HIT WIS Z IS HIEHS 5
Z & CREERME & DI B B SR 14 2 1R

_34_

BINETE B2 00D ol ZOTEIBREDOT
FCH HRIEIC L MM TICHART, KAET OB
B G~ A7 % LCEITTE L HUTEMED D 5 1320,
T rv MLy F YT OFFITHARTEMAIKRE <
L —H =2 X BB IS &GS BRI <
HEREEDSE W E W) FIRA D Do SO TIIBL
HE UCHEBRSZ IR L7225 79 A8ETav R
BV THEEFHIHEI WO TW L TETH D,
TEALDBICK & BRI CIZ % S v, F2, V=%
FSA LYY — NT T AD— kNG EE T TH D 7
O— MEEHET S I LT KA E SR ca
ML EAMREE 2D,

4- ':ﬁﬁ

AfFETlE, HIAKMEHFT A& KAETFTD
FTHOBRHE &5 2 & TH I AEROHEEE G
FREEHIECTE 5 2 LR M L7z MiiiEEF oR
% ZOF FMHATIUIBUKMEEZ BRI D72 o THERE
TEDLATALLY, FRMIEAEE KU
KT T AL LTS5 Z LA RETH B 2D
Tt AT L - RZAO 7Tt AT L 72
i & MSERENL LOEREE D, EHIT, 7u—
MEEMAT S ETHAED T A %2 KIS B2
RN EERTE D, T2 IS OREETEDHIH
WIEHFF A L OB TEER E N5 7 vt DIk E
T2 ENEETHL L ERLTZ

WA, BB OBEKIEOME AR HiTn
bo REAMTIIF T AERMMOBEHEN AT X ) s %5
FL TV B ORMIET 2 EOHKIE R &
50 L BIRBIHISTEETH 50 /20 KHOT 7 %
ZNTBEENE R FEO 2 E A S TV 5%, RBFZETIE
HT AFM % RIS X ) —RRICHAL S 3 T H
. ZOFGEIEHT A & THEMEZR 7275 A
K2 T A L b WFCE 5,

KXk, ZE L2 Wil MEL2DOTH
%o

Bl

A7 & N BHERRSC DVERUCER L. K% TR
2 W o 72 AR RS B G B T A ZE R D AR
BRI HEERT



—ZE LW —

»

(2

(3

4)

(5)

(6)

7

®)

©)

(10)

(1)

(12)

(13)

(14)

Parkin, I. P.; Palgrave, R. G. Self-Cleaning Coatings. J.
Mater. Chem. 2005, 15 (17), 1689-1695.

Roach, P.; Shirtcliffe, N. J.; Newton, M. I. Progess in
Superhydrophobic Surface Development. Soft Matter
2008, 4 (2), 224-240.

Onda, T.; Shibuichi, S,; Satoh, N.; Tsujii, K. Super-Water-
Repellent Fractal Surfaces. Langmuir 1996, 12 (9), 2125-
2127.

Feng, L, Li, S; Li, Y,; Li, H; Zhang, L. Zhai, J.; Song, Y.
Liu, B; Jiang, L.; Zhu, D. Super - hydrophobic Surfaces :
From Natural to Artificial. Adv. Mater. 2002, 14 (24),
1857-1860.

Yoshimitsu, Z.; Nakajima, A.; Watanabe, T.; Hashimoto, K.
Effects of Surface Structure on the Hydrophobicity and
Sliding Behavior of Water Droplets. Langmuir 2002, 18
(15), 5818-5822.

Oner, D.; McCarthy, T. J. Ultrahydrophobic Surfaces.
Effects of Topography Length Scales on Wettability.
Langmuir 2000, 16 (20), 7777-7782.

Nakayama, K.; Tsuji, E; Aoki, Y.; Park, S-G.; Habazaki, H.
Control of Surface Wettability of Aluminum Mesh with
Hierarchical Surface Morphology by Monolayer Coating :
From Superoleophobic to Superhydrophilic. J. Phys.
Chem. C Nanomater. Interfaces 2016, 120 (29), 15684
15690.

Tadanaga, K.; Katata, N.; Minami, T. Super-Water-
Repellent Al203 Coating Films with High Transparency.
J. Am. Ceram. Soc. 2005, 80 (4), 1040-1042.

Mahadik, S. A.; Kavale, M. S; Mukherjee, S. K.; Rao, A. V.
Transparent Superhydrophobic Silica Coatings on Glass
by Sol-Gel Method. Appl. Surf. Sci. 2010, 257 (2), 333-339.
Deng, X;; Mammen, L; Butt, H-J.; Vollmer, D. Candle Soot as
a Template for a Transparent Robust Superamphiphobic
Coating. Science 2012, 335 (6064), 67-70.

Zuo, Z.; Gao, J.; Liao, R; Zhao, X;; Yuan, Y. A Novel and
Facile Way to Fabricate Transparent Superhydrophobic
Film on Glass with Self-Cleaning and Stability. Mater.
Lett. 2019, 239, 48-51.

Janowicz, N.J.;Li, H.; Heale, F. L.; Parkin, I. P;
Papakonstantinou, I; Tiwari, M. K.; Carmalt, C. J. Fluorine-
Free Transparent Superhydrophobic Nanocomposite
Coatings from Mesoporous Silica. Langmuir 2020, 36 (45)
, 13426-13438.

Isakov, K.; Kauppinen, C.; Franssila, S.; Lipsanen, H.
Superhydrophobic Antireflection Coating on Glass Using
Grass-like Alumina and Fluoropolymer. ACS Appl. Mater.
Interfaces 2020, 12 (44), 49957-49962.

Son, J.; Kunduy, S; Verma, L. K,; Sakhuja, M.; Danner, A. ],
Bhatia, C. S.; Yang, H. A Practical Superhydrophilic Self
Cleaning and Antireflective Surface for Outdoor
Photovoltaic Applications. Sol. Energy Mater. Sol. Cells
2012, 98, 46-51.

_35_

17

(19

(21

(24

(25

(26

N4

)

=

)

~

=

=z

)

g

AGC Research Report 75(2025)

Yu, E.; Kim, S.-C,; Lee, H. J.; Oh, K. H.; Moon, M.-W.
Extreme Wettability of Nanostructured Glass Fabricated
by Non-Lithographic, Anisotropic Etching. Sci. Rep. 2015,
5 (1), 9362.

Nguyen, B. D.; Cao, B. X;; Do, T. C.; Trinh, H. B; Nguyen,
T.-B. Interfacial Parameters in Correlation with Anti-
Icing Performance. The Journal of Adhesion 2021, 97 (9),
860-872.

Wang, L.; Li, L; Liu, Y.; Wang, S.; Cai, H.; Jin, H; Tang, Q.;
Sun, W.; Yang, D. The Preparation and Characterization
of Uniform Nanoporous Structure on Glass. K. Soc. Open
Sci. 2020, 7 (7), 192029.

Wang, B.; Hua, Y; Ye, Y.; Chen, R.; Li, Z. Transparent
Superhydrophobic Solar Glass Prepared by Fabricating
Groove-Shaped Arrays on the Surface. Appl. Surf. Sci.
2017, 426, 957-964.

Lin, Y,; Han, J.; Cai, M.; Liu, W.; Luo, X.; Zhang, H.; Zhong,
M. Durable and Robust Transparent Superhydrophobic
Glass Surfaces Fabricated by a Femtosecond Laser with
Exceptional Water Repellency and Thermostability. J.
Mater. Chem. A Mater. Energy Sustain. 2018, 6 (19),
9049-9056.

Rahmawan, Y.; Xu, L.; Yang, S. Self-Assembly of
Nanostructures towards Transparent, Superhydrophobic
Surfaces. J. Mater. Chem. A Mater. Energy Sustain. 2013,
1(9), 2955-2969.

Ono, Y.; Hayashi, Y.; Urashima, S.-H.; Yui, H. Glass
Etching with Gaseous Hydrogen Fluoride : Rapid
Management of Surface Nano - roughness. Int. J. Appl.
Glass Sci. 2022, 13 (4), 676-683.

Yasuda, K.; Hayashi, Y.; Homma, T. Fabrication of
Superhydrophobic Nanostructures on Glass Surfaces
Using Hydrogen Fluoride Gas. ACS Omega 2024, 9 (10),
12204-12210.

Pilkington, L. A. B. Review Lecture : The Float Glass
Process. Proc. R. Soc. Lond. 1969, 314 (1516), 1-25.
Miyasaka, S.; Nakada, H.; Hayashi, Y.; Fukawa, M.; Nihei,
T.; Shirai, M.; Okahata, N.; Nakagawa, K.; Yamanaka, K.;
Watanabe, K.; Tanii, S.; Ikawa, N.; Kobayashi, D.;
Miyashita, J.; Kato, R. Glass Sheet Capable of Being
Inhibited from Warping through Chemical Strengthening.
9 663 396 B2, 2017.

Hozumi, A.; Ushiyama, K.; Sugimura, H.; Takai, O.
Fluoroalkylsilane Monolayers Formed by Chemical Vapor
Surface Modification on Hydroxylated Oxide Surfaces.
Langmuir 1999, 15 (22), 7600-7604.

Ueshima, Y. Phenomenological Understanding about
Melting Temperature of Multi-Component Fluorides.
Tetsu To Hagane 2022, 108 (9), 686-692.

Takeda, S.; Yamamoto, K.; Hayasaka, Y., Matsumoto, K.
Surface OH Group Governing Wettability of Commercial
Glasses. J. Non Cryst. Solids 1999, 249 (1), 41-46.

Wenzel, R. N. Resistance of Solid Surfaces to Wetting by
Water. Ind. Eng. Chem. 1936, 28 (8), 988-994.



(29)

(31)

(34)

Grosu, G.; Andrzejewski, L.; Veilleux, G.; Ross, G. G.
Relation between the Size of Fog Droplets and Their
Contact Angles with CR39 Surfaces. J. Phys. D Appl.
Phys. 2004, 37 (23), 3350-3355.

Chen, Y.; Zhang, Y.; Shi, L, Li, J.; Xin, Y.; Yang, T.; Guo, Z.
Transparent Superhydrophobic/Superhydrophilic
Coatings for Self-Cleaning and Anti-Fogging. Appl. Phys.
Lett. 2012, 101 (3), 033701

Cassie, A. B. D.; Baxter, S. Wettability of Porous Surfaces.
Trans. Faraday Soc. 1944, 40 (0), 546.

Barton, C. J.; Grimes, W. R.; Meadows, R. E.; Bratcher, L.
M. Phase Diagrams of Nuclear Reactor Materials, RB
Thoma Ed., Oak Ridge National Laboratory. ORNL 1959.
Xu, C.; Wang, L.; Li, D.; Zhang, S.; Chen, L.; Yang, D.
Improving the Solar Cell Module Performance by a
Uniform Porous Antireflection Layer on Low Iron Solar
Glass. Appl. Phys. Express 2013, 6 (3), 032301.

Ono, Y,; Kimura, Y.; Ohta, Y,; Nishida, N. Antireflection
Effect in Ultrahigh Spatial-Frequency Holographic Relief
Gratings. Appl. Opt. 1987, 26 (6), 1142-1146.

Miwa, T.; Miya, G.; Kanno, S. Effect of Surface Roughness
on Small Particle Adhesion Forces Evaluated by Atomic
Force Microscopy. /pn. J. Appl. Phys. (2008) 2020, 59 (7),
076504.

_36_





