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ABSTRACT: Advances in electron-beam lithography (EBL) have
fostered the prominent development of functional micro/nanodevices.
Nonetheless, traditional EBL is predominantly applicable to large-area
planar substrates and often suffers from chemical contamination and
complex processes for handling resists. This paper reports a
streamlined and ecofriendly approach to implement e-beam
patterning on arbitrary shaped substrates, exemplified by solvent-
free nanofabrication on optical fibers. The procedure starts with the
vapor deposition of water ice as an electron resist and ends in the
sublimation of the ice followed by a “blow-off” process. Without
damage and contamination from chemical solvents, delicate
nanostructures and quasi-3D structures are easily created. A refractive
index sensor is further demonstrated by decorating plasmonic
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nanodisk arrays on the end face of a single-mode fiber. Our study provides a fresh perspective in EBL-based processing, and
more exciting research exceeding the limits of traditional approaches is expected.
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As one of the most significant nanofabrication methods,
electron-beam lithography (EBL) promotes the evolution
of photoniclf4 and electronic devices.”® Over the decades, this
technique has made considerable progress attributed to cutting-
edge instruments and electron-sensitive materials. However, in
traditional EBL, basic processes with inherent weaknesses are
barely changed. Electron resists are usually applied on samples
through spin-coating, which hinders the implementation of EBL
on non-planar substrates. Developing and lift-off processes are
performed by soaking and dissolving in chemical solvents. This
often results in pattern destruction due to capillary action.
Traditional EBL also suffers tedious steps for aligning patterns
and a high risk of contamination from toxic solvents.
Ice-assisted EBL (iEBL), also known as ice lithography,”®
utilizing water ice as an electron resist, has exhibited great
advantages in 3D nanofabrication.””"" On the basis of this
technique, we propose here a streamlined, ecofriendly, and
utterly solvent-free nanofabrication procedure. It starts with
vapor-depositing ice on samples and ends in the sublimation of
the ice followed by a “blow-oft” process. Apart from the “green”
resist, no liquid phase chemicals are involved in the whole
process. Such a feature completely avoids residues or reactions
induced by liquid solvents, which is particularly beneficial to the
fabrication on solvent-sensitive materials. For example, perov-
skite becomes unstable in polar solvents'> and sodium reacts
violently with liquid water."” To demonstrate the viability of our
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approach, we take an optical fiber with a curved surface and a
tiny cross-section as a platform. Without complex pretreatments,
we fabricate nanoscale photonic structures and quasi-three-
dimensional structures on the fiber and present a fiber device for
refractive index sensing.

The nanofabrication experiments are performed in our
dedicated instrument.'* It consists of a scanning electron
microscope (SEM) equipped with an EBL module and a metal
deposition chamber (MDC). As depicted in Figure la, an
improved sample holder allows long optical fibers to be rolled up
and accommodated inside. We remove the polymer coating at
the fiber tail and fix it vertically on the sidewall of the sample
holder. A conductive copper tape surrounds the fiber (the inset
in Figure la), leading to a surface contact with the cryogenic
sample holder instead of a line contact. Therefore, the fiber end
face can be cooled down to the required temperature (< 130 K)
rapidly. It can be confirmed by the directly measured
temperature of the holder and the state of deposited ice on
the fiber. Water vapor is subsequently injected into the SEM and
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Figure 1. Schematics of the setup and the solvent-free iEBL process on the end face of optical fibers. (a) Optical fibers fixed on the sidewall of the
sample holder by a copper adhesive tape. (b) Depositing a layer of ice film onto the cooled fiber. (c) E-beam patterning on the ice film. (d) Metal
deposition on the fiber end face. (¢) Heating the fiber to sublime the ice. (f) Blowing the curled metal film away. (g—i) SEM images of the fiber end face
corresponding to d—f, respectively. Insets show enlarged views of the core area of the fiber. All scale bars are 1 ym.

sprayed on the end face to form a uniform film of amorphous ice
(Figure 1b). The e-beam then locally removes the ice at the
point of exposure (Figure 1c), which is probably due to the
electron-stimulated desorption and fragmentation of water
molecules.'>'¢ After metal deposition in the MDC (Figure 1d,
g), the fiber is heated to room temperature in situ. As the ice is
sublimated, the top metal film curls and separates from the
underlying substrate naturally (Figure le, h). Finally, the optical
fiber is taken out from the vacuum and blown in a nitrogen gas
flow. The suspended metal film with a large area can be removed
easily, whereas nanostructures transferred from designed
patterns remain intact on the fiber.

The ice is heated up in a vacuum where the pressure is less
than 1 X 107 Pa, much lower than the triple point pressure of
water.'” Therefore, it is sublimated directly without passing
through the liquid phase and is evacuated by the pump system,
which completely avoids the effect of capillary action in the
subsequent blow-off step. The curling of the top metal film is
attributed to the residual tensile stress during film deposition,®
which also reduces the contact area between the metal film and
the substrate after the ice layer sublimates. These characteristics
are favorable to remove the suspended metal by gas blowing in a
few seconds. In fact, the adhesion is so weak that sometimes the
metal film falls off without gas blowing. Based on this, it is
possible to conduct the entire nanofabrication process in one
vacuum cluster system to achieve “wafer in, device out”.

In iEBL, defects and contaminations on the sample do not
affect the uniformity of ice covering. Therefore, it is unnecessary
to polish the end face of the fiber in advance, which could be
mandatory for traditional EBL. Optical fibers with a pre-
structured end face such as photonic crystal fibers can also be
processed. Moreover, the end face is not required to be flush
with the upper surface of the sample holder during the
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fabrication. We are able to perform iEBL as long as target
samples are cooled adequately, even on the end face of fibers
fixed in ceramic ferrules (Figure Sl in the Supporting
Information). All these features enable high reproducibility
and flexible applications of this method.

Further demonstrations of patterning various nanostructures
on optical fibers are illustrated in Figure 2. To reduce the
charging effect and improve surface adhesion to nanostructures,
we deposited 50 nm thick indium tin oxide (ITO) film on the
end face of the standard single-mode fiber (SMF) before iEBL
processing. Thanks to the in situ imaging on ice,"’
nanostructures can be precisely fabricated at the core area of
the SMF without using alignment marks (Figure 2a). It is seen
that the freedom degrees and practical resolution of iEBL are not
affected by its implementation on the optical fiber.

To execute the blow-oft process, the thickness of the ice layer
is preferably at least twice that of the deposited metal film
(Figure S2). Otherwise, the desired nanostructure may be
connected to the upper metal film and they are blown off
together. Meanwhile, the thickness of metal film should be
sufficient to ensure continuity (Figure S3). These requirements
have been verified in the fabrication of the aforementioned
nanostructures, regardless of the material of the adhesion layer
and deposited metal film. Only when the structure has a ring-
shaped feature may the ultrasonic treatment in solution be
required to completely remove the residual metal film (Figure
S4).

On the other hand, through controlling the ice thickness and
designing the pattern layout, quasi-three-dimensional nano-
structures can be fabricated. The ring feature in the pattern
inevitably breaks the continuity of the deposited film (Figure
3a). In the subsequent blow-off process, the curled metal film
(false color in Figure 3a, b) outside the ring gap is blown away,
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Figure 2. SEM images of Ag nanostructures fabricated on the end face of an SMF. (a) Concentric rings fabricated at the core area of the SMF. The inset
shows an enlarged view. The scale bar is 2 ym. (b) V-shape nanoantenna arrays. (c) Bowtie arrays. (d) Ring arrays. The height of the nanostructures is
70 nm. Scale bars in b—d are 1 gm. Fifty-nanometer-thick ITO is deposited as a conductive layer on the SMF.

Figure 3. SEM images of quasi-3D nanostructures on SMFs. (a) Eighty-nanometer-thick Ag film is deposited on 100 nm thick patterned ice layer. (b)
As the ice layer sublimes, the suspended metal film (in false color) outside the ring gap curls, whereas the inner suspended metal film remains flat. (c)
Outer metal film is blown away in nitrogen flow, leaving the central suspended structure. Insets in a—c show enlarged views of the core area of the SMF.
The scale bars are S um. (d, e) Enlarged views (30° tilt) of the structures in a and , respectively. Ten-nanometer-thick Cr is used as a conductive layer
on the SMF in a—e. The scale bars are 500 nm. (f) Two hundred-nanometer-thick ice pattern of concentric rings coated by 100 nm thick Ag film. (g)
Suspended concentric ring structures remain after blow-off. Fifty-nanometer-thick ITO is deposited as a conductive layer on the SMF in f and g. The
scale bars are 1 ym.
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Figure 4. Optical refractive index sensor based on an SMF. (a) SEM image of the end face of the fiber sensor. A 5§ nm height gold nanodisk array with a
diameter of 270 nm and a pitch of 900 nm was fabricated on a 54 nm thick Ge conductive layer. The inset shows enlarged views of gold nanodisks. The
scale bar is 1 ym. (b) Measured reflection spectra in air and liquid environments, including water, acetone, ethanol, isopropyl alcohol (IPA), and two
kinds of index matching fluid (IMF). (c) Relationship between experimental spectra dips and environmental refractive indexes. (d) Calculated
reflection spectra of the optical fiber sensor in air, water, and IMF2.
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Figure 5. Nanofabrication on the curve surface of optical microfibers. (a) Schematic of the microfiber fixed on the sample holder. (b—d) Schematics of
the process flow (in cross-section view): (b) e-beam patterning after ice deposition, (c) metal deposition, and (d) blow-off. (e—g) SEM images
corresponding to b—d, showing the process of fabricating Ag nanodisk arrays on a microfiber. All scale bars are 1 ym.

whereas the inner metal film remains flat (Figure 3b, c). The ice region. As illustrated in Figure 4a, a gold nanodisk array is
under the metal film is evacuated by sublimation, leading to the defined on the end face of an SMF with a conductive layer of
formation of a suspended structure (Figure 3e, Figure SS). It germanium. The experimental setup for optical measurements is
should be noted that here the thickness of the ice layer is very depicted in Figure S6. Figure 4b shows the measured reflectance
close to the deposited film. When the ice thickness further of the fiber sensor in different environments, the results of which
increases, suspended structures with curved features can be are consistent with simulated results (Figure 4d) using the finite-
obtained (Figure 3f, g). These suspended structures are difference time-domain (FDTD) method. Because of the
promising to construct 3D optical metasurfaces with unprece- excitation of surface plasmonic resonance, a remarkable dip
dented functionalities, ranging from spatial light modulation to appears in the reflectance spectrum, which exhibits a red shift
subwavelength imaging or sensing. with increasing the environmental refractive index. Hence, it can
As a demonstration of the application, we fabricate a fiber- be calculated that the sensitivity (S = A4 /An) of this fiber
based refractive index sensor operating in the near-infrared sensor is about 187.4 nm/RIU (Figure 4c), which can be further
8844 https://dx.doi.org/10.1021/acs.nanolett.0c03809
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enhanced by employing high-quality-factor resonators.” The
measured spectra around dip positions are slightly broadened
compared with those in simulations. It can be attributed to the
dimensional deviation and surface roughness of fabricated
nanostructures.

Finally, we introduce the nanofabrication on the curve surface
of optical microfibers. In this case, the fiber is bent into a U-
shape and fixed on a clean silicon chip (Figure Sa). The
transition region of the fiber is kept in close contact with the
silicon substrate, ensuring efficient cooling to the taper waist.
The upper part of the microfiber is then covered with ice, which
can be in-situ patterned by the e-beam (Figure Sb, e). In the
following steps, the ice layer protects the unpatterned areas from
metal deposition (Figure Sc, f), and desired metal structures can
be obtained after blow-off (Figure Sd, g). It can be seen that the
blow-off step efficiently removes the redundant metal film and
protects the fragile microfiber from ultrasonic damage in the
traditional lift-off process. This approach enables controllable
creations of arbitrary structures on optical micro/nanofibers,
offering an opportunity to fabricate nanostructure-embedded
micro/nanofiber devices.”" ™

In summary, we have developed a solvent-free nano-
fabrication method based on the emerging iEBL technique. It
eliminates the need for noxious chemicals and the potential
influence of chemical reactions on samples. Though the
teasibility of our approach is only shown on optical fibers in
this paper, there is no doubt that such a solvent-free
nanofabrication method can be extended to any other
substrates. It has been shown that organic ice” acts as a
dielectric after e-beam exposure and it can be naturally
implemented and integrated into our process; thus, we are
able to fabricate metal—dielectric hybrid nanostructures
expediently and rapidly with this supplement. From the
perspective of applications, in addition to fiber-based optic
devices,”* " future research may focus on areas beyond the
capability of conventional EBL. One highly promising path is to
create photonic waveguides and electronic circuits on biological
specimens, which are fully compatible with water ice. This
definitely enables unprecedented artificial manipulation of
biological specimens and opens the door to the unexploited
space in biological photonics and electronics.
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