wO 2014/011609 A1 |1 H0F1O0 0000 O 0 OO0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

(43) International Publication Date WO 2014 /011609 Al
16 January 2014 (16.01.2014) WIPO I PCT
(51) International Patent Classification: (71) Applicant: MASSACHUSETTS INSTITUTE OF
B29C 59/02 (2006.01) B81C 99/00 (2010.01) TECHNOLOGY [US/US]; 77 Massachussetts Avenue,
B29C 33/42 (2006.01) B29C 33/38 (2006.01) Cambridge, MA 02139 (US).
GO3F 7/00 (2006.01) B82Y 40/00 (2011.01) (72) Inventors: CHOI, Hyungryul, 70 Pacific Street, Apt.
(21) International Application Number: 203C, Cambridge, MA 02139 (US). KIM, Jeong-gil; 700
PCT/US2013/049677 Huron Avenue, Apt. 20B, Cambridge, MA 02138 (US).
. o ) PARK, Kyoo, Chul; 60 Wadsworth Street, Apt. 22G,
(22) Inernational Filing Date: = 13 (09.07.2013) Cambridge, MA 02142 (US). COHEN, Robert, E.; 73
y o Pershing Road, Jamaica Plain, MA 02130 (US). MCKIN-
(25) Filing Language: English LEY, Gareth, K.; 91 Charter Road, Acton, MA 01720
. ) . (US). BARBASTATHIS, George; 416 Marlborough
(26) Publication Language: English Street, Boston, MA 02115 (US).
(30) Priority Data: (74) A . .
gents: CONNORS, Matthew E. et al.; Gesmer Upde-
61/669,240 9 July 2012 (09.07.2012) us grove LLP, 40 Broad Street, Boston, MA 02109 (US).
13/932,066 1 July 2013 (01.07.2013) US

[Continued on next page]

(54) Title: INVERTED NANOCONE STRUCTURES FOR MULTIFUNCTIONAL SURFACE AND ITS FABRICATION PRO-
CESS

(57) Abstract: Inverted Nanocone Structures and Its Fabrication Process.

The method of fabricating nanotextured structures includes making a master
mold (10) having an array of tapered structures to be replicated. The master
mold is pressed into a curable polymer (12) supported on a substrate (14)
and the polymer is cured. Thereafter, the mold (10) is detached from the
cured polymer to form the nanotextured structure (16).



WO 2014/011609 A1 |IWAK 00TV A0 0 TR R AR

31

84)

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM,
GT, HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
RU, RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, ZIM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARTIPO (BW, GH,

GM, KF, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, S, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



10

15

20

25

30

WO 2014/011609 PCT/US2013/049677

INVERTED NANOCONE STRUCTURES FOR MULTIFUNCTIONAL SURFACE
AND ITS FABRICATION PROCESS

Priority Information

This application claims priority to U.S. provisional application serial number
61/669,240, filed on July 9, 2012, and to U.S. utility application serial number 13/932,066,
filed on July 1, 2013, the contents of which are incorporated herein by reference in their

entirety.

Backsround of the Invention

This invention relates to nanostructure arrays for multifunctional surfaces that are
mechanically robust and provide superior optical and wetting properties such as antireflection
and superhydrophobicity/hydrophilicity. The invention also relates to the fabrication process

for the nanostructure arrays.

Nanostructured surfaces have been widely studies for their superior optical and
wetting properties such as antireflection and superhydrophobicity/ hydrophilicity [1, 2, 3].
Due to subwavelength feature size, nanostructured surfaces behave as an effective medium
with gradually varying index of refraction. Such a surface can be used to suppress Fresnel
reflection at material interfaces, thereby acting as an anti-reflection surface and allowing
broadband light to pass through without reflection losses [4]. In addition, both hierarchical
roughness of these structures and an intrinsic chemical property of the surfaces can induce
artificial superhydrophobicity or superhydrophilicity, which can be applied as self-cleaning

or anti-fogging surfaces, respectively [5, 6].

Recently, high aspect ratio (approximately 5) silica nanocone structures,
demonstrating structural superhydrophilicity or, in combination with a suitable chemical
coating, robust superhydrophobicity, and enhanced transmissivity, have been successfully
fabricated directly on a fused silica substrate with few defects and a large pattern area [7]. By
using interference lithography and multiple shrinking mask etching, the desired aspect ratio
nanocone structures were created for optimizing the multifunctionality of the textured surface

[8]. Although the prior art structures provided notable performance, the mechanical stability
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and properties of these prior art structures arc not suitable to sustain mechanical impact

(including finger touch) because of the high aspect ratio and isolated nature of the structures.

It is an object of the present invention to provide an alternative type of nanostructure
for multifunctional surfaces (anti-reflectivity, superhydrophobicity, superhydrophilicity and
superoleophobicity) with high mechanical strength and high optical and wetting performance
compared to existing nanostructures [7]. Another object of the invention is a fabrication
process for the structures disclosed herein that is simple, and cost effective for manufacturing

the multifunctional surfaces.

Summary of the Invention

In a first aspect, the invention is method of fabricating nanotextured structures,
including making a master mold having an array of tapered structures to be replicated. The
master mold is pressed into a curable polymer supported on a substrate and the polymer is
cured. Thereafter, the mold is detached from the cured polymer to form the nanotextured
structure. In a preferred embodiment, the master mold is fabricated using lithography and
etching. The master mold may be made of silicon or fused silica glass. The curable polymer
may be heat curable or photo curable. It is preferred that an anti-adhesion layer be deposited
on the master mold to prevent sticking. It is also preferred that the pressing step utilize

vacuum assisted wetting.

The master mold may be fabricated with positive resist or negative resist. The profile,
height and period of the tapered structures to be replicated are selected to control surface
characteristics. In yet another embodiment, re-entrant textured surfaces are formed on the
replicated, nanotextured structure. The re-entrant textured surfaces may be made by pressing
a hot plate into the replicated structure, or by pressing a rotating plate into the replicated

structure. Conditions are optimized for perfect re-entrant structures.

In another aspect, the invention is a nanotextured surface structure comprising

periodic tapered nanohole or inverted nanocone arrays. The surface may exhibit
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superhydrophilicity and when the surface includes a selected coating, the structure exhibits
hydrophobicity. The surfaces of the invention may exhibit enhanced optical transmission and

low reflectance.

Brief Description of the Drawing

Fig. 1 is a schematic illustration of the process disclosed herein according to an embodiment

of the invention.

Fig. 2 is a scanning electron micrograph of an array of replicated inverted nanocone

structures.

Fig. 3 is a schematic illustration of imprinted inverted concave nanocone structures with a

master mold fabricated with positive resist.

Fig. 4 is a schematic illustration of imprinted inverted convex nanocone structures with a

master mold fabricated with negative resist.

Fig. 5 is a schematic illustration of the process of making re-entrant nanostructures for

transparent superoleophobic surfaces,

Fig. 6 is a schematic illustration of a window fabricated with the process according to an

embodiment of the invention.

Description of the Preferred Embodiment

The nanostructures disclosed herein are fabricated using a novel and advanced
replication technology. With reference first to Fig. 1, a master mold 10 is fabricated using any
lithography technique and subsequent etching steps with any material, such as silicon or
fused silica glass. Thereafter, the master mold is used to fabricate inverted nanocone arrays.

The master mold 10 contacts and is pressurized onto resist 12 that may be a heat or photo
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curable polymer on a glass substrate 14. After curing the polymer resist 12 either with heat or
ultraviolet (UV) light, the master mold 10 is detached from the replicated polymer surface 16.
Thus, nanocone arrays on the master mold 10 are inversely replicated into the polymer 12,
thus the surface is textured with nanohole arrays 18 as shown %n Fig. 2. During the imprint
process, it is preferred that an anti-adhesion layer be coated on the master mold 10 surface to
prevent sticking problems. Further, in order to have a perfect pattern transfer, and without
any bubbles in the polymer, vacuum assisted wetting is used when the nanocone arrays are
pressed into the liquid polymer 12, which is also one of the important processes in this

invention.

Depending on the geometry of the master mold 10, different inverted nanocone
structures (or nanohole structures) can be fabricated. Fig. 3 shows a schematic illustration of
an imprinted inverted concave nanocone structure with a master mold 10 fabricated with
positive resist. When the mold is fabricated with positive resist [7], the convex nanocone
structures are realized for the master mold. Fig. 4 shows imprinted inverted convex nanocone
structures with the master mold 10 fabricated with negative resist. The profile, height and
period of the imprinted pattern can be easily controlled, optimized for superhydrophobicity,
superhydrophilicity, anti-reflectivity and mechanical robustness. For example, the structures
in Fig. 3 tend to be mechanically more robust than those in Fig. 4, but those in Fig. 4 may

have better transparency and superhydrophobicity.

Deng et al. recently fabricated transparent and superoleophobic surfaces. However,
the surfaces consisting of accidental nanoparticles limited special-phase coherence, resulting
in non-perfect periodic/quasi random structures that scatter light and make themselves a lot

less transparent than glass [9].

We also disclose novel and simple fabrication methods for surfaces with enhanced
transparency and oil-repellency or superoleophobicity (for anti-fingerprint surfaces) by
creating re-entrant textured surfaces as shown in Fig. 5. First, an imprinted surface with
inverted nanocone arrays is fabricated as discussed above. The imprinted pattern is contacted
or pressurized by a hot plate 20 and the re-entrant structures are created by local reflow of the
material of the imprinted pattern itself. An alternate embodiment is that the imprinted pattern

is contacted and pressurized by a rotating plate 22 thereby creating the re-entrant structures
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24 shown in Fig. 5. Temperature and pressure of the hot plate, and pressure, friction and

speed of the rotating plate can be optimized for perfect re-entrant structures.

The aspect ratio and shape of the nanohole structures disclosed herein can be
optimized to achieve better wetting or optical functions using the fabrication method
disclosed herein. By texturing subwavelength nanoholes on both sides of glass and modifying
their surface energies, it is possible to combine high-pressure robustness of
superhydrophobicity and near-perfect transparency (or anti-reflection property). In addition to
the synergetic effect, the nanohole surface can show a macroscopic anti-fogging function for
practical applications, including transparent windshields and goggles that are self-cleaning
outside. Fig. 6 shows potential applications of glass treated on both sides. This window 26
with the nanohole or inverted nanocone structure will enhance transmission, and at the same
time, make the surfaces both superhydrophobic and superhydrophilic such as self-cleaning
(outside) and anti-fogging (inside) glass. In addition, transparent anti-fingerprint and scratch

resistant surfaces can be fabricated with these structures.

The disclosed fabrication process, according to the invention, can also be used to
produce a protective glass for digital cameras. In this case, nearly 100% of the incident light
with a wide angle can be collected without any loss, so that pictures with better quality can be
taken, even at night. Using such high transmission protective glass will also eliminate
interference effects. Dust or contamination on the surface can be easily removed with water
due to the superhydrophobic surface. Those of ordinary skill in the art will recognize that the
application is not merely for digital cameras, but also for solar cells, because the efficiency of
a solar cell is highly influenced by dust contamination and Fresnel reflection losses. In humid
conditions, the technology disclosed herein can be used for anti-fogging glass and good

images may be taken without any bubbles on the lens.

The nanohole or inverted nanocone structures disclosed herein have stronger
mechanical properties than tapered nanocone structures known in the prior art since nanohole
structures are expected to withstand larger external forces, since they are now connected to
each other and support each other in a two-dimensional network. Surfaces according to the
invention with these nanohole structure also become scratch resistant. One use would be as a

scratch resistant surface for touch screen electronic devices. Anti-fingerprint surfaces can be
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realized by superoleophobicity resulting from its geometry combined with proper chemical

coating on the nanohole structures with re-entrant textured surfaces in Fig. 5.

The fabrication method disclosed herein is compatible and can be adapted to all
conventional 2D lithography techniques. The mold 10 with nanocone structures can be
fabricated with any lithographic process. Moreover, self-assembly approaches such as

colloidal lithography or block copolymer can be used to pattern the nanocone structures.

The present invention creates nanohole or inverted nanocone structures with a tapered
profile at the same time. These tapered nanohole or inverted nanocone structures with re-
entrant geometry on the tips are suitable for enhancing transmission (anti-reflectivity) and

wetting properties (superhydrophobicity, superhydrophilicity, and superoleophobicity).

The multifunctional nanotextured surfaces disclosed herein consist of perfect periodic
tapered nanohole arrays or inverted nanocone arrays. The mechanical robustness of the
structures disclosed herein is higher than for conventional moth eye-like structures, arrays of
isolated tapered nanostructures. In the present invention, the inverted nanocone structures are
structurally supported by adjacent nanostructures, as was shown in conjunction with Fig. 2.
For applications such as touch screen panels or car windows, the proposed multifunctional
nanotextured surfaces which have high mechanical robustness are more desirable in terms of
durability and stability, since the nanostructures will be exposed to a lot of mechanical

impacts.

The multifunctionality of the surfaces disclosed herein can be used for a wide range of
applications, including self-cleaning and omnidirectional optical elements, as well as anti-
fogging optical lenses for microscopes in humid biological environments, and semiconductor

lithography equipment.
The numbers in square brackets refer to the references listed herein.
It is recognized that modifications and variations of the present invention will occur to

those of ordinary skill in the art, and it is intended that all such modifications and variations

be included within the scope of the appended claims.
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CLAIMS

1. Method of fabricating nanotextured structures comprising:

making a master mold having an array of tapered structures to be replicated;

pressing the master mold into a curable polymer supported on a substrate;

curing the polymer; and

detaching the mold from the cured polymer to form the nanotextured structure.

2. The method of claim 1 wherein the master mold is fabricated using lithography and

ctching.

. The method of claim 1 wherein the master mold is made of silicon or fused silica glass.

(VS]

A

. The method of claim 1 wherein the curable polymer is heat curable.

W

. The method of claim 1 wherein the curable polymer is photo curable.

[op}

. The method of claim 1 wherein the substrate is glass.

7. The method of claim 1 further including coating an anti-adhesion layer on the master mold

to prevent sticking.

8. The method of claim 1 wherein the pressing step utilizes vacuum assisted wetting.

9. The method of claim 1 wherein the master mold is fabricated with positive resist.

10. The method of claim 1 wherein the master mold is fabricated with negative resist.
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11. The method of claim | further including selecting profile, height and period of the tapered

structures to be replicated to control surface characteristics.

12. The method of claim 11 wherein surface characteristics include superhydrophilicity,

superhydrophobicity, anti-reflectivity and mechanical robustness.

13. The method of claim 1 further including forming re-entrant textured surfaces on the

replicated, nanotextured structure.

14. The method of claim 13 wherein the re-entrant textured surfaces are made by pressing a

hot plate into the replicated structure.

15. The method of claim 13 wherein the re-entrant textured surfaces are made my pressing a

rotating plate into the replicated structure.

16. The method of claim 14 wherein temperature and pressure of the hot plate are optimized

for perfect re-entrant structure.

17. The method of claim 15 wherein pressure, friction and speed of the rotating plate are

optimized for prefect re-entrant structures.

18. Nanotextured surface structure comprising perfectly periodic tapered nanohole or

inverted nanocone arrays.

19. The nanotextured surface structure of claim 18 wherein the surface exhibits

superhydrophilicity.

20. The nanotextured surface structure of claim 18 further including a coating on the structure

when the surface exhibits hydrophobicity.

21. The nanotextured surface structure of claim 18 wherein the surface exhibits enhanced

optical transmission and low reflectance.
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