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ABSTRACT

Nanodevices have higher requirements for nanofabrication in tuning the size, shape and spatial arrange-
ment of nanostructures and their assemblies in nanoscale, however, which are often beyond the reach of
conventional lithography or self-assembly techniques. In view of the above, we develop atomic layer as-
sembled nanofabrication based on soft-templates to break through the limitations of traditional rigid-
templates, having very well scalability and powerful fabrication capability for multiple solid or hollow
nanostructures. Versatile soft-templates can be freely patterned at the nanoscale by mature lithographic
processes, along which a precisely controlled atomic layer deposition can assemble high-aspect-ratio na-
nostructures with a flexible tailoring of the size, shape and spatial array, and then a dry etching process
removes soft scaffolds and leaves freestanding nanostructures over large-area, rigid or soft substrates. To
highlight the potentials of this fabrication strategy, the high-performance optical metasurface and ultra-
sensitive H, gas sensor are demonstrated. This approach endows the conventional lithography and as-
sembly techniques with new powerful functionalities and more scalability in nanofabrication, providing a
simply promising route to generating complex multiple nanostructures, towards a broad application in

modern nanodevices.

© 2021 Elsevier Ltd. All rights reserved.

Introduction

Due to the unique structural advantages of the functionally
periodic nanostructures, they are drawing more and more attention
in photonics [1], electronic [2], piezoelectric [3,4], energy storage
devices [5,6], sensing detection [7] and other applications in na-
noscience. Various techniques have been used to fabricated such
periodic nanostructure arrays, such as lithography [8,9], focused-ion
beam [10], anodic oxidation [11,12], selective etching [13] and self-
assembly [14,15], etc. But these techniques commonly have some
obvious limitations in controlling the materials diversity, cross-scale
sizes or irregular shapes of the resulting nanostructures, such as
various metal oxides, hybrid structure, variable-diameter nanos-
tructure, as well as multiple nanostructures, directly influencing the
developments and applications of periodic nanostructures. What's
more, modern nanodevices have higher requirements for nanofab-
rication in tuning the size, shape and spatial arrangement of
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nanostructures and their assemblies in nanoscale, however, which
are often beyond the reach of conventional lithography or self-
assembly techniques.

Recently atomic layer deposition (ALD) assisted nanofabrication
has shown powerful ability and opened a new path for configuring
diversiform nanostructures, based on some hard template mode
mainly including silicon (Si) and anodic aluminum oxide (AAO). It is
well known that ALD is a powerful thin film deposition technique
that provides excellent step coverage, and a precise control of film
thickness at the angstrom scale, which is due to its growth me-
chanism based on self-limiting surface reactions [16,17]. ALD also
possesses excellent conformality due to the possibility to deposit
conformal thin films on substrates of any size or shape with a high
aspect ratio [18-21]. By virtue of ALD superiority, ALD assisted na-
nofabrication process includes ALD process filling the patterned
templates and then removing the templates and finally realizing the
independent nanostructures, and thus which is highly dependent on
the template structures.

The templates for ALD assisted nanofabrication include rigid and
soft templates. Silicon and anodic aluminum oxide (AAO) are tradi-
tionally selected as rigid-templates due to its good structural
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Fig.1. (a) Schematic of ALAF process, including EBL, ALD, dry etching and removing resist. Tilted and top-down SEM images of circle and square nanotubes with different diameter
sizes (b, ¢), custom-arranged hollow nanobricks (d, e), flower-shaped nanostructures array composed of elliptical nanotubes (f, g), complicated hybrid-structures including pillars
and nanotubes with various shapes (h, i), and tree-shaped and irregular nanostructures (j, k). SEM images of well-defined large-scale arrays of nanotubes on Si substrate (h) and
on flexible aluminum film substrate (1), with a local enlarged image inserted in the center. Scale bars, 1 um.
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controllability. Si patterned template is firstly used by ALD assisted
nanofabrication, but it requires a perfect combination of lithography
and dry-etching as well as removing process of Si so that its diversity
and controllability in template shapes is very limited, and the whole
process is also complicated [22-24]. The porous AAO template-
assisted technology is another interesting approach to fabricate large
arrays of nanostructures, where an AAO template is utilized as a
rigid scaffold. AAO technology has desirable characteristics such as
easy controllability of an interpore distance, a pore diameter and a
pore depth by changing the anodization conditions [12,25-27].
Current existing AAO template assisted technology is usually applied
to produce very simple nanostructures such as single nanorod or
nanotube structures and also realize the complex patterns and
structures but need very complicated process, greatly limiting their
applications and functionalities [28,29]. Generally, imprinting pro-
cess are crucial steps to fabricate the AAO template, but imprinting
template need multistep process including lithography and etching
as well as transfer techniques, which make the process more com-
plicated. Additionally, AAO templates is hard to be formed directly
on the Si substrates and also inevitably encounter some problems of
complicated post processes, and the removal of the AAO template
using chemical solvent is a big trouble to be compatible with the
fabrication of conventional Si-based integrated circuits.

Based on rigid templates, above common problems faced by ALD
assisted nanofabrication are how to select more flexible templet
materials and greatly simplify the nanofabrication processing steps.
Instead of rigid templates, some soft templates are introduced into
ALD assisted nanofabrication to form free-standing nanostructures,
such as block polymer [30,31], photo resist for direct laser writing or
proximity field nanopatterning [32-36], even PS nanosphere [37,38],
which show a more flexible and simpler approach than rigid tem-
plates to construct the nanostructures. However, these soft tem-
plates still have some obvious limitations in compatible controlling
the nanostructure diversity, small feature size, higher fabricating
accuracy, irregular shapes and aperiodic array of the resulting na-
nostructures.

To break through the discussed limitations of traditional tech-
niques utilizing rigid templates and previous soft templates, we
present an atomic layer assembling fabrication (ALAF) method relied
on electron beam resist (EBR) soft-template to fabricate complex
multiple nanostructures on various substrates by atomic layer de-
position assembling. Here, the EBR is used to make soft-templates on
almost any substrates, even flexible substrate, also meaning that
various nano-patterned templates can be fabricated directly by
electron beam lithography (EBL). Additionally, the heat resistance of
EBR basically conforms to the deposition temperature of ALD. Thus,
the advantages of ALD deposition are combined with high precision
fabrication of EBL, which can greatly improve the capability of ALD
assisted nanofabrication, resulting in high resolution down to nan-
ometers and ultra-high aspect ratio of hundreds. More advantages of
atomic layer assembling versatile nanostructures in EBR soft-tem-
plates also include high variability and multiformity of the patterns,
extreme nanofabrication, convenient and efficient fabrication pro-
cess, material diversity and easily removing soft-templates. Based on
mature planar fabrication processing, soft-template structures in
nanoscale can be freely patterned by EBL, in which precisely con-
trolled ALD can assemble desirable nanostructures along three di-
mensional directions, and then a dry etching process removes soft
scaffold and leaves freestanding multiple 3D nanostructures with
tunable size, shape and spatial arrangement. With our ALAF ap-
proach, we also design and fabricate an optically active all-dielectric
metasurface and ultra-sensitive hydrogen gas sensor, demonstrating
their high performances. Therefore, our proposed ALAF method raise
greatly the level of controllable nanofabrication for novel multiple
nanostructures and multi-material hybrid nanostructure and give
many diverse possible combinations of dimensions, materials and
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morphologies using the EBL and ALD towards a broad application in
modern nanodevices.

Results and discussion

Fig. 1a shows a schematic of the ALAF processes, including four
steps, from EBL and ALD to dry etching and removing resist. The
patterned soft-template is firstly formed by EBL to provide space for
next atomic layer assembling, and dry etching is used to eliminate
the surface layer of filled soft-template to prepare for removing re-
sist. The nanostructure assembled by ALD is completely dependent
on the EBL patterns. More details in fabrication processes are de-
scribed in the Methods Section. Based on above ALAF process, large-
scale arrays of various complex 3D nanostructures with different
sizes and shapes are designed and obtained, and TiO, is chosen as a
typical material to configure multiple 3D nanostructures here. Re-
presentative as-assembled 3D nanostructures are displayed in
Fig. 1b-k, reflecting fully diversity of nanostructure control. Firstly,
Fig. 1b and 1c show that a hybrid array of circle and square nano-
tubes with various diameter sizes from 100 nm to 160 nm are fab-
ricated simultaneously, and as-obtained wall thickness could be as
small as 25 nm with the height of 800 nm, having a very high aspect
ratio of 32 for nanotube wall. What’s more, the arrangements of the
designed 3D nanostructures are flexible and customized. As shown
in Fig. 1d and 1e, hollow nanobrick arrays with gradually turning n/4
increase of angle are fabricated, and its hollow construction can also
be filled to solid one with tunable angle arrangement, which would
play an important role in applications of artificial nanophotonics
devices. Fig. 1f and 1g show flower-shaped nanostructures array
composed of elliptical nanotubes, displaying powerful diversity of
forming images. More complicated combinational structures of
circle pillars and different shaped nanotubes are shown Fig. 1Th and
1i, in which the span of this structural scale is relatively large from
60 nm to 1 pm, reflecting a cross-scale fabricating capability. In
addition of above periodic arrays of 3D nanostructures, ALAF can
fabricate more complex and irregular images. As shown in Fig. 1j and
1K, tree-shaped nanostructure is designed and prepared, and its
perfect local structure features indicate good fabricating flexibility
and precision though the image is complex and irregular, having a
potential to imitate complex liquid flowing micro/nano-channel in
the organism. Further, the large-scale controlled fabrication of
complicated and customized nanostructures is another advantage of
the ALAF method, no matter how complicated the exposed patterns
are. Fig. Th show an array element of well-defined TiO, nanotubes
with the area size of 50x50 um, having very good repeatability and
the stability. Particularly, the 3D nanostructures can also be fabri-
cated on flexible substrates. As shown in Fig. 11, TiO, nanotubes are
formed on flexible metal aluminum film substrate without any
structure distortion and, of course, on other soft-substrate, in-
dicating a promising potential in flexible wearable devices.

Thus, it can be seen that the flexibility and controllability of EBL
techniques in preparing nanostructure enable ALD powerful as-
sembling ability and freedom, and hence versatile complicated
structures with multiple shapes and sizes, especially including di-
versiform regular and irregular or solid and hollow, can be designed
and fabricated smoothly by ALAF method on the same substrate
simultaneously. This powerful and flexible controllability in nano-
fabrication technique paves the way to multifunctional device ap-
plications. Furthermore, the limitation of this method maybe the
long-time consumption originating from EBL and ALD in large-area
fabrication, which is attributed to the self-feature of EBL direct-
writing technology in producing nanostructures and low deposition
rate of ALD. However, the EBL time consumption might be reduced
by combining with other techniques, like nanoimprinting, by which
EBL is only utilized once to fabricate the stamp. What's more, the
ALAF method is not also confined to EBL, the photolithography could
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Fig. 2. Effect of ALD cycles and EBL exposing doses on the feature of as-formed nanostructures and extreme processing of ALAF method. (a) Illustrations of hybrid columnar
nanostructures with three kinds of cross-section shapes including circle, square and triangle, marked by blue, red and yellow. (a1, a2, a3) Tilted SEM images of columnar structures
assembled by ALD using increased cycles of 500, 1200 and 1900, respectively. The insets are the corresponding enlarged top-down SEM images , indicting a morphologic change
from hollow to solid. (b) Illustration image of composite structures with shapes of cross and circle. (b1, b2, b3) Tilted SEM images of structures with different exposing doses of
1200, 1600 and 2000 puC/cm?, respectively. The enlarged top-down SEM images are inserted, in which d is the width of the center area in the cross. (c) Dependence of the wall
thickness of columnar nanostructures on ALD growth cycles. (d) Histogram depicting the distribution of wall thicknesses of columnar structure at 500, 1200 and 1900 ALD cycles,
which are obtained by measuring 48 square nanostructures in al, a2 and a3, respectively. (e) The relationship between exposing doses and the width (d) in the center of the cross.
Scale bars, 500 nm. (f) The uniformity of the oxide films used in ALAF method is shown in cross-sectional SEM image of the nanotube. Scale bars, 200 nm. (g- i) The extreme
processing of ALAF method. Vertically ultrathin nanostructures arrays with various patterns are shown, having an 8 nm wall thickness and the highest height of 650 nm. Scale

bars, 500 nm.

also be utilized in the ALAF for low-cost and high-throughput ap-
plications but having a low structural resolution.

For ALAF process, ALD cycles and EBL exposing doses are two key
factors in structural regulation, determining the features and details
of as-fabricated nanostructure. Fig. 2a shows the effect of ALD cycles
on as-formed columnar nanostructure, containing ternary cross-
section shapes of circle, square and triangle, along with a transform
from hollow to solid. The diameter of the circle, width of square, and
side length of triangle are designed as 180 nm, 180 nm and 150 nm,
respectively, which are combined to form a hybrid patterned array
by EBL as soft-templet. The 500 cycles of TiO, film are firstly
deposited by ALD process at 105°C to assemble and fill in the

soft-templet. After removing the top-cover of TiO, and the residual
resist, different shaped TiO, nanotubes with a high aspect ratio are
obtained, as shown in Fig. 2a-1. With increasing ALD cycle number,
the features and details of as-formed nanotubes are regulated. When
growth cycle number is total 1200 cycles, the small triangle nano-
tubes are filled up and transformed to nanopillars, and thus large-
scale arrayed binary nanostructures with nanotubes and nanopillars
are produced simultaneously, as shown in Fig. 2a-2. Finally, all the
nanotubes are filled up and transformed to nanopillars with differ
cross-section shapes after 1900 cycles (Fig. 2a-3). It revealed that
under fixed structure size of soft template, the ALD growth cycle can
affect greatly the morphologies of as-form nanostructure from



G. Geng, W. Zhu, R. Pan et al.

Nano Today 38 (2021) 101145

2 N H AN | . | J
I E S N, TiO,

b i
. Eelel. ke Sl =

C PMMA
] H i N | . | .. 0
K6 S S, . Substrate

Multilayer resists Expose/develop ALD Dry etching

d

9

J

Fig. 3. Diameter-modulated cylindrical hollow nanostructures formed by ALAF method. (a, b, c) Fabrication process of structures with three variable diameter shapes, including
from large-top to small-bottom, from small-top to large-bottom and large-middle with small both ends. Illustration and tilted SEM images of structures with large-top and small-
bottom shapes (d, e, f), with small-top and large-bottom shapes (g, h, i), and with large-middle and small ends shapes (j, k, 1) under different sizes. Scale bars, 1 pm.

hollow to solid, such as changing nanotubes to nanopillars in
this case.

The ALD growth thickness also shows a linear dependence on the
growth cycle, as shown in Fig. 2c. What's more, by measuring the
widths of 48 nanostructures with a square cross section in Fig. 2al-
a3, the distribution of their structure widths corresponding to 500,
1200 and 1900 growth cycles are indicated in Fig. 2d, respectively.
We can find that the square nanotube widths of 500 and 1200
growth cycles are 29 + 1nm and 67 + 1 nm, respectively, showing
very good accuracy and consistency in structural control due to a
self-limiting surface reaction. However, when all the nanotubes are
filled up and transformed to nanopillars after 1900 growth cycles,
the widths of the square nanopillars are 198 + 3 nm, which is larger
than the designed 180 nm. This was because that the width of the
nanopillars is dependent on the sizes of resist holes obtained by EBL

process, instead of the ALD cycles anymore. And the exposing and
developing process should be responsible for the size expansion and
the lower thickness precision.

Furthermore, the exposing dose of the EBL process also shows
great control ability over the structural morphologies in the ALAF
method. Composite nanostructures consisting of the cross and circle
are designed and illustrated in Fig. 2b. The SEM images of structures
with different exposing doses of 1200 pC/cm?, 1600 uC/cm? and
2000 pC/cm? are revealed in Fig. 2b1-b3, respectively. It can be seen
that when the exposing dose increases from 1200uC/cm? to
2000 pC/cm?, the distance (d) in the center of the crossed nanos-
tructures is increased from 99 nm to 188 nm to enlarge the shape
size of the cross, and the diameters of the circled nanostructures
next to the cross is increased from 141 nm to 172 nm at the same
ALD growth circles. Fig. 2e displays the near-linear relationship
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Fig. 4. Illustration and top-down SEM images of TiO, nanotubes with two shapes of circle and square (a, d), TiO, nanotubes surrounded by Al,03; deposited by ALD (b, e), and
hybrid structures formed by TiO,, Al,03 and HfO, using ALAF method (c, f). (g, h, i) EDX maps of this hybrid structure, showing Ti (yellow), Al (green) and Hf (purple) mapping

images, respectively. Scale bars, 1 um.

between d and exposing dose, ignoring the shape distortion induced
by the influence of the cross during the EBL process. Particularly,
when the exposing dose is 1200 pC/cm?, the circle resist holes are
fully filled up to form the circle nanopillars (Fig. 2b-1), however,
the nanopillars is transformed to nanotubes as the exposing dose
reaches to 2000 pC/cm? (Fig. 2b-3). From the above results, it can be
seen that the transformation between nanotubes and nanopillars
can be controlled by not only adjusting the designed size and growth
cycle, but also by the exposing dose, which enables the ALAF method
to be a simple way to fabricate complicated 3D nanostructures.

Fig. 2f shows the cross-section SEM image of the nanotubes with
the same height of 800 nm and different wall thicknesses of 37 nm
and 47 nm before and after the top cover removal, respectively.
Along the tube wall with marked thickness from top to bottom in
cross-sectional SEM image, it can be seen that the uniformity of the
oxide films is quite excellent with a thickness difference of less than
1 nm, which can ensure the corresponding properties consistent
with the simulating results. In particular, by means of the high re-
solution of EBL and ultra-high precision thickness control of ALD, an
extreme structural nanotube array is assembled successfully, having
an 8 nm wall thickness and the highest height of 650 nm with an
ultra-high aspect ratio of more than 80:1, as shown in Fig. 2g. This
ultrathin wall is almost transparent and has no any distortion or
collapse. Other kinds of vertically ultrathin nanostructures with
various patterns are designed and fabricated (Fig. 2h and 2i), de-
monstrating a strong extreme processing ability of ALAF method,
which is beyond the limits of EBL nanofabrication.

Generally, to fabricate precisely diameter-modulated hollow na-
nostructures are a very big challenge for traditional fabricating
method [39,40], however, ALAF method has prominent advantage in

realizing these complicated 3D nanostructures. The key technology
of this method is to use different kinds of multilayer photoresists in
EBL process, such as the polymethymethacrylate (PMMA) and co-
polymer P(MMA 8.5 MAA) photoresist in the work. Relying on dif-
ferent exposing sensitivities, the order, number of layers and
thickness of two kinds of resists possess the dominant influence and
determine the final shape of the variable diameter nanostructures.
The whole fabrication processes with typical three kinds of dia-
meter-modulated hollow nanostructures are illustrated in Fig. 3a-c.
Firstly, PMMA and P(MMA 8.5 MAA) resists are orderly spun on the
substrate in certain order. Then big patterns at the top are exposed
on the resists using a low dose, followed by another exposure of
small patterns at the bottom using a large dose on the same position.
Due to the high exposing sensitivity of the P(MMA 8.5 MAA) resist
and low exposing sensitivity of the PMMA resist, big patterns with
low dose could only induce the corresponding exposed area in the P
(MMA 8.5 MAA) resist to degrade. However, the small patterns with
large dose would induce all the exposed areas, both in the PMMA
and P(MMA 8.5 MAA) resist, to degrade. After that, ALAF method is
utilized to assemble the complicated structures along 3D freedoms
in as-patterned resist structures as a soft-template. By changing the
order and the number of layers and adjusting the thickness of the
photoresists, three kinds of diameter-modulated hollow nanos-
tructures are fabricated smoothly.

More fabrication details in preparation process are described in
the Method Section. The illustrations and tilted SEM images of as-
formed three diameter-modulated structures with different sizes are
shown in Fig. 3d-l, including from large-top to small-bottom, from
small-top to large-bottom and large-middle with small both ends,
respectively, having very good uniformity , flexibility and variability
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in controlling structure. More designs in feature size and shape
control of these nanostructures can be realized by above way to
prove the powerful capability of ALAF method in configuring 3D
nanostructure. Further, these diameter-modulated tubular nanos-
tructures can be potentially utilized in applications of efficient light
harvesting devices [41], nanobionics, nanofluid-channel, and nano-
biology devices.

Multimaterial hybridization is another advantage of the ALAF
method to construct desired nanostructure and meet the processing
needs of complex devices. Here, three kinds of materials, such as
TiO,, Al,03 and HfO,, are selected to design and fabricate the mul-
timaterial hybridized nanostructure. Firstly, separated TiO, nano-
tubes are fabricated by ALAF method, as illustrated and shown in
Fig. 4a and 4d, respectively. Afterwards, Al,O3 layer with certain
thickness is deposited by ALD on the sample, all the surfaces of the
TiO, nanotubes are covered with Al,0s. Meanwhile, the spaces be-
tween TiO, nanotubes are still not fully filled, as shown in Fig. 4b and
4e. Then dry etching process is conducted using BCl; and Cl, to re-
move the Al,03 both on the nanotube top surface and bottom of the
unfilled space, followed by a third ALD process to deposit HfO, to fill
the unfilled space to form columnar structure with quasi-rectan-
gular cross section. Finally, another dry etching process is conducted
to remove the HfO, on the top surface. Thus, the close packed 3D
structures with three kinds of materials are obtained, as shown in
Fig. 4c and 4f. It can be seen that the HfO, nanopillars are separated
from the TiO, nanotube by Al,Os filler. The discrete distribution of
the Ti, Al and Hf elements is further supported by energy-dispersive
X-ray spectroscopy (EDX) maps in Fig. 4g-i, respectively. Therefore,
this novel 3D nanostructure with discrete distribution of different
materials by ALAF method shows outstanding features in multi-
material hybridization and enable great potential applications in
fabricating discrete devices, like gate-all-around field effect tran-
sistor ' and integrated circuit. In 3D nanostructures for electronic
devices, reliable contacts at the electrode/active materials will be
important, and a feasible strategy is that both electrode and active
materials are prepared by ALAF methods to ensure reliable contact.
On the other hand, the materials-related limitation in the ALAF
method is a vital issue for next device application. Many materials
can be deposited using ALD in the ALAF method, such as various
oxide materials TiO,, Al,O3, HfO,, ZnO, Cu,0 and ZrO,, etc. From
current ALAF method based on soft-templates, ALD materials at the
deposition temperature of lower than 120°C can be utilized in the
ALAF method, however, the materials deposited by O3 precursor or
plasma-enhanced ALD method are not suitable to ALAF because
these can damage the EBR soft templates.

From the above, the ALAF method shows extremely powerful
processing and control capability for multiple 3D nanostructures,
and also paves a feasible way for their corresponding multi-
functional characteristics and device applications. As an example,
the metasurface is highly dependent on the design and regulation of
surface structure. And especially for dielectric metasurface working
in the visible and near-infrared region, their shape and size, high
aspect-ratio, plane rotation-angle and arrangement of nanostructure
cell in the metasurface affect greatly the light field regulation
characteristics [42-44] and thus have higher requirements for na-
nofabrication. Facing to the challenges in the nanofabrication, ALAF
method can fully meet this requirement.

Here, we proposal firstly an optically all-dielectric metasurface to
manipulate the transmitted vector beam over a broadband wave-
length range in the visible region, based on high aspect-ratio TiO,
nanofins fabricated by ALAF method, as illustrated in Fig. 5al. The
designed metasurface includes two supercells (I and Il), which can
easily modulate the polarization states of vector beams by different
angle rotations of the nanofins in the different unit-cells, as dis-
played in Fig. 5a2. The unit cells are arranged with periods
P =400 nm, and two supercells in the transmission metasurface have
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eight unit-cells with opposite direction of rotation. It is clear that the
supercells with different directions of rotation could modulate the
different polarizations of the beams. According to the Panchar-
atnam-Berry (PB) phase, the phase of the scattering of light with
opposite spins equals to the twice the orientation angle of the na-
nofin [45-47]. In this way, the diffraction of the light will separate
with opposite direction due to the different orientations of nanofins.
Fig. 5a2 shows that the metasurface include periodic | and Il su-
percells arranged alternately along y direction. In supercell | and II,
there was m/8 rotated angle between the two neighbor nanofins
along x-axis. When the linearly polarized light with polarization
direction paralleled to the x-y plane is normally incident onto the
metasurface, the different rotation of the supercell could make the
corresponding circular polarized component anomalous refracted.
Further, the diffraction of + 1 orders of incident light will be sepa-
rated in the opposite direction after it passed the metasurface. It is
noted that the goal can be achieved through splitting the circular
components of the incident beam and introducing an optical phase
delay & between the opposite polarizations. At the same time, the
polarization angle (PA) ¢ is tunable by changing the phase delay 5.
Linear polarized light with a PA ¢ can be written in terms of its
circular components as E = Eq(X cos ¢ + J sin ¢) = f—%(?e*@ + Leio),

where 7 = (& + i§)/¥2 and [ = (% — i§})/v2 are represent RCP and
LCP, respectively. The equation indicates that a phase delay of 2¢
introduced to the RCP with respect to LCP will rotate the PA by ¢. In
addition, due to the opposite nanofins orientation of the two su-
percells, the LCP and RCP components are transmitted to the same
side. Then, LCP and RCP from different supercells add up together to
retrieve linearly polarized light. The output light obtains a 180*5/s
polarization rotation because of the phase shift between the two
supercells, where the s is the length of the supercell. Fig. 5b have
shown the SEM images of four different samples S1, S2, S3 and S4, in
which the phase shift § between the neighbor supercells are 0, m/4,
/2, 3n/4, respectively. Most interestingly, transmitted rotation angle
only depends on the lateral spatial shift between the | and Il su-
percell due to no dispersion in the measuring wavelength, which is
shown by geometric phase.

Fig. 5¢ shows the theoretical distributions of vector beams after
passing through polarizer SO, sample S1, S2, S3 and S4, followed by a
longitudinal linear polarizer, respectively. As shown in Fig. 5d1, we
convert a linear light into a donut beam by a polarizer in order to
verify the manipulation of the polarization state of the vector beams
with the metasurface. And the donut beam would distribute like
Fig. 5el after passing through a longitudinal linear polarizer, whose
direction is indicated by the double-headed arrow. Similarly, when the
light passes through sample S1, S2, S3 and S4, the directions of po-
larization of vector light are along the arrows, which are shown in
Fig. 5d1-4, respectively. Fig. 5e1-4 show the fan-shaped pattern with
different directions corresponding to four different samples after
passing through longitudinal linear polarizer, following the polariza-
tion of Fig. 5d1-4 due to the modulation of the vector beams, which is
according well with the theoretical distributions. Specially, when the
light passes through sample S1 followed by longitudinal linear polar-
izer, the distribution of vector beams is the same as that of polarizer
S0, which is corresponding to the zero-geometric phase shift A. Thus,
this TiO, nanofins metasurface can realize the arbitrary polarization
control theoretically, showing high-performance and great potential
for applications involving vector beams, such as microscopy imaging,
optical trapping and quantum communications. Compared with other
nanostructures-based metasurface, the current structures fabricated
by ALAF shows some advantages, such as high resolution, high aspect
ratio, high variability and multiformity, and fabricating challenging
complex 3D nanostructures, which greatly meets the needs of the
achieving complicated metasurface devices with multifunction and
high-efficiency.
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Fig. 5. (al) An illustration of as-designed TiO, metasurface. The right/left-handed and left/right-handed circularly polarized components will be diffracted into the (+1) first
diffraction orders after a linearly polarized light transmitted by the metasurface I/II. The inset shows the unit cell of the structure, which is consisted by quartz substrate and the
TiO, nanofin. (a2) Each unit | or Il contains eight nanofins with /4 increase of the angle, though they are in opposite direction. The transmitted linear polarization direction in the
first diffraction orders can be realized by introducing a geometric phase shift A between the supercells | and II. (b1 - b4) SEM images of different nanofins with different phase
shifts. The phase shifts A of the sample S1, S2, S3 and S4 are corresponding to 0, /4, /2 and 3m/4, respectively. The scale bars are all 500 nm. (c) Theoretical distributions of vector
beams after passing through polarizer SO, sample S1, S2, S3 and S4, followed by a longitudinal linear polarizer, respectively. (d0 - d4) The intensity distribution of the incident light
which has passed through the polarizer SO, sample S1, S2, S3 and S4, respectively, with the white arrows representing the polarization of the beam. (e0-e4) When a longitudinal
polarizer is used, the distribution of vector beams with longitudinal polarization in the (d0-d4) is mapped.

It is well known, multi-material compositeness is very important
for constructing 3D nanostructure devices and enabling it robust
function, which is just a strength of ALAF method preparing multiple
3D nanostructures. Based on the mechanism of 2D electron gas
(2DEG) at the interface of a heterostructure Al,03/TiO- thin film, this
can be combined with Palladium (Pd) as high-performance hydrogen

(Hy) gas sensor [48,49]. Here, Al,03/TiO, hexagram hollow nanos-
tructures arrays with a high aspect ratio are designed and fabricated
by ALAF method, and then Pd nanoparticles (~2 nm in thickness) are
coated on the inner and outer walls of the nanotube by electron
beam evaporation, as illustrated Fig. 6a. From the cross section of
this 3D heterogeneous nanostructures, TiO, is a main material of
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Fig. 6. (a) Illustration of as-fabricated gas sensor with Pd/Al,03/TiO, hexagram hollow nanostructure arrays, a longitudinal section showing a heterostructural feature in the
nanostructure. (b) Titled SEM images of as-fabricated gas sensor with Pd/Al,03/TiO, nanostructure corresponding to the illustration, and the inset is the top-down SEM image of
this nanostructure. (c) The transparencies of obtained gas sensors with and without high aspect-ratio Pd/Al,03/TiO, nanostructures are as high as 62% and 76% at 760 nm
wavelength, respectively. The insets are the real photographs of as-fabricated planar (left) and nanostructure (right) gas sensors. (d) Sensitivity of Pd/Al,05/TiO, gas sensor as a

function of various H, concentrations. Scale bars, 1 um.

nanostructures, and the thickness of Al,03 layer will be controlled
very thin (~3 nm) to cover both the inside and outside surfaces of the
TiO, wall to form 2DEG on both sides. The detail fabrication process
is described in the Method Sections. Fig. Gb shows as-formed Pd/
Al,05/TiO, nanostructure arrays with a hexagram hollow cross-
section, having fine structure control and perfect uniformity.
Meanwhile, a planar Pd/Al,03/TiO, gas sensor is also fabricated to
compare with nanostructure gas sensor.

The transparency of as-formed gas sensors with and without
nanostructure arrays are respectively as high as 62% and 76% at
760 nm wavelength, and two inserted photographs are real gas
sensor samples, as shown in Fig. 6¢. This transparent gas sensor has
important application potential as they are combined into trans-
parent devices, such as smart windows [50]. The sensitivities of two
types of sensors are measured at different H, concentration under a
temperature of 80 °C, and the detailed measurement process is de-
scribed in the Method Sections. The sensitivity is defined as the
relative change in the current flowing through the 2DEG at the in-
terface of the Al,05/TiO, heterostructure, before and after H, gas
adsorption. Thus, the sensitivity (%) = Al/lpx100, Al = I - Iy, where |
indicates the current during H, adsorption and Iy indicates the
current during operation without H, adsorption. As shown in Fig. 6d,
we can see that the sensitivity of the sensor with nanostructure
arrays can reaches to 15.5% at ultralow H, concentration of 5 ppm
with a fast response time of 60s and recovery time of 36s, de-
monstrating ultrahigh detection capability for H,. The sensitivity and

response time of our sensor with nanostructure arrays at relative
low temperature are comparable to those from the best reports that
operated at 200-400 °C [48,51], and especially, our results exhibit
the shorted recovery time compared to the latest best planar Pd/
Al,05/TiO; sensor [48] of 245s. What's more, it should be empha-
sized that 3D nanostructure sensor shows an enhanced sensitivity,
which is nearly 31 and 3 times higher than that of planar sensor at
5ppm and 50 ppm, respectively. Therefore, 3D H, gas sensor with
nanostructure array shows a great improvement over the planar
sensor, which makes it more efficient for H, detection.

The sensitivity as a function of time for as-formed gas sensors
with nanostructure arrays is also measured under repetitive injec-
tion of H, (10 ppm), exhibiting a reliable detection (a sensitivity of
24% is sustained after repetitive injections of H,) with repetitive
cycles. It is well-known that Pd is a good sensing material with high
selectivity and anti-interference for H, detection due to the forma-
tion of PdH, during H, injection [52-54]. The decreases of work
function induced by PdH, formation increase the conductance at the
interface of the Al,03 [TiO,, which decreases the 2DEG resistance
because the electrons from the Pd nanoparticles move to the surface
of the TiO, layer through thin Al,03 layer [47]. Consequently, this
effective tuning of the 2DEG electron density on the Al,03/TiO,
heterostructure optimize the sensitivity for H, detection. In addition,
the high aspect-ratio tubular nanostructures enlarge greatly the
surface area for the reaction between Pd and H, through their inner
and outer walls, which is also mainly responsible for the improved
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sensitivity. Thus, by coating Pd nanoparticles on the Al,03/TiO; na-
nostructure based on ALAF method, we demonstrate a high-perfor-
mance and transparent H, gas sensor with very quick response and
recovery at low temperature, which is comparable to those from the
best reports and a promising candidate for H, sensor, exhibiting
more potential abilities in special multi-layer composited 3D gas
sensors with high performances.

Conclusion

In summary, by exploiting versatile soft-template combined with
atomic layer assembly, we have presented a simple and scalable
ALAF method to realize complex multiple 3D nanostructures, which
can be solid or hollow, demonstrating its good control of material
diversity, structure variability and scalable fabrication. Especially,
novel diameter-changed nanostructures and proof-of-principle 3D
nanostructure with discrete distribution of different materials are
simply and conveniently manufactured by ALAF method, showing
powerful nanofabrication ability and outstanding features in mul-
tiple structures and multimaterial hybridization, which not only
enable great potential applications in more modern nanodevices, but
also can in turn be used to guide the design of advanced nanos-
tructures. To underline the potential of this simple assembly
fabrication for these 3D configurations, we demonstrate a high-
performance all-dielectric metasurface to manipulate perfectly
transmitted vector beam over a wideband wavelength range in the
visible region. In addition, an ultra-sensitive hydrogen gas sensor
with multilayer composited nanostructures is also formed by ALAF,
showing a great improvement of sensitivity and efficiency far more
than that of planar sensor. This approach enables the conventional
lithography or assembly techniques to possess new powerful func-
tionalities and more abilities in nanofabrication, which put up a
powerful platform to reconcile a new flexible 3D nanofabrication
with versatile and multiple nanostructures towards broad potential
applications in nanophotonics, nanosensing, nanoelectronics, and
nanobionics devices.

Experimental section
Fabrication of nanostructures

In the ALAF method, silicon, quartz or even the flexible PI sub-
strates are used to fabricate the 3D nanostructures, which are
cleaned in acetone, isopropanol (IPA) and deionized water in se-
quence. Successively, the polymethyl methacrylate (PMMA) resist
950-A7 are spun at 3000 rpm and baked at 180 °C for 2 min. Various
patterns combined by different sizes and shapes are exposed using
electron beam lithography system (6300FS, JEOL) and then are de-
veloped in a mixture of MIBK and IPA with the ratio of 1:3. Then ALD
process is applied to deposit various thin films, and TiO, is only
taken as an example here, and this technique can be extended to
many other materials by ALD. The ALD process of TiO, is carried out
in a home-built ALD system. H,O is used as the O source, and
Tetrakis (dimethylamino) titanium (TDMAT) precursor is used as a Ti
source to avoid chlorine contamination and heated to 75°C to
achieve the required vapor pressure. The ALD system is under con-
tinuous 20 sccm flow of N, carrier gas and maintained at 105 °C
throughout the process. After ALD process, a dry etching process was
performed in the ICP-RIE system (Plasmalab System 100 ICP180,
Oxford) with a mixed reactive gas of BCls and Cl, to remove the TiO,
film on the top of the resist. Finally, another dry etching process with
Oxygen is applied to remove any residual resist. Scanning electron
microscope (SEM) (Helios 600i, FEI) is used to characterize the
morphology of the samples. The discrete distribution of the Ti, Al
and Hf elements in the nanostructures are analyzed by EDX in an
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ultra-high resolution scanning electron microscope (Regulus 8100,
Hitachi).

To fabricate the 3D hollow structures with different diameter
variations, PMMA and MAA resists with the same thickness of
200 nm are spun on the substrate in sequence. Then circle patterns
with diameter of 200 nm are exposed on the resist using dose of
300 uC/cm?, followed by another exposure of circle patterns with
diameter of 90 nm on the same position using dose of 700 pC/cm?.
The structures in Fig. 3f are fabricated only by changing the thick-
ness of PMMA resist to 500 nm. Similarly, other structures are also
fabricated by manipulating the order, number of layers, resist
thicknesses and pattern shapes, as displayed in Fig. 3g-I.

TiO, hexagram nanostructure arrays with large area of 5 mm x
5 mm and the thickness of 40 nm are fabricated on quartz substrates
by the ALAF method as gas sensor. Then another 10 nm TiO; film is
deposited by ALD at 120°C on the high aspect-ratio TiO, nanos-
tructures and all other surfaces of the sample, followed by 3 nm
Al,05 deposition by ALD at 250 °C. The second deposition of TiO, can
also be used to avoid defects of the as-fabricated high aspect-ratio
TiO, nanostructures and be helpful to obtain perfect 2DEG. Then
discrete Pd nanoparticles are formed uniformly on the surface of the
Al,03/TiO, heterostructure by depositing a controllable thickness of
2 nm using electron beam deposition at RT, which can be demon-
strated by very high lateral resistance through the Pd nanoparticles
alone. Lastly, indium is used by soldering for the bottom contact
with the 2DEG, which is located at the corner of each sensor.

Numerical calculations

The phase responses and cross-polarized transmission efficiency
of the metasurface are simulated by the 3D finite difference time-
domain method (CST Microwave Studio). A 2D parameter sweep of a
single unit with length and width from 80nm to 150 nm and
180-300 nm, height fixed at 600 nm simultaneously, is carried out
under x-polarization to obtain the phase map of the different
structural parameters. The phase response under y-polarization is
obtained by transposition of the x-polarization results. The refractive
index of the TiO, is the measurement result by an ellipsometer. The
effective refractive index is obtained from the fundamental modes
while the power coupling into higher-order waveguide modes is
ignored.

Optical and sensing measurements

The optical setup for vector beams manipulation from the all-
dielectric metasurfaces is measured by using a supercontinuum laser
source (Fianium SP 400C-PP). After passing through a linear polar-
izer, the linearly polarized light is focus onto the metasurface by a
convex lens with focal length of 75 mm. The first order diffraction at
angle of from the metasurface is analyzed by the second linear po-
larizer and an InGaAs infrared power meter.

Controlled amount of Hy gas (99.999%) is introduced using a
mass flow controller (MFC1), and N, gas (99.999%) which is injected
from another mass flow controller (MFC2) to control the con-
centration of target gas. The mixed gas is transported in the chamber
which is combined with a probe station (ST-500, Janis) with a
heating chuck. The current is measured as a function of time at a
fixed voltage of 3 V by a semiconductor parameter analyzer (Keithley
4200). During the measurement, the air is used for the recovery
process with a relative humidity of ~50%.
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