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ABSTRACT: Curved fluidic channels with a circular cross-section
play an important role in biology, chemistry, and medicine.
However, in nanofluidics, a problem that is largely unsolved is the
lack of an effective fabrication method for curved circular
nanotubes (10−1000 nm). In this work, an electron-beam-induced
self-assembly process was applied to achieve fine curved
nanostructures for the realization of nanofluidic devices. The
diameter of the tube could be precisely controlled by an atomic
layer deposition process. Fluid transported through the nano-
channels was verified and characterized using a dark-field
microscope under an optical diffraction limit size. The fluid flow
demonstrates that the liquid’s evaporation (vapor diffusion) in the
nanochannel generates compressed vapor, which pumps the liquid
and pushes it forward, resulting in a directional flow behavior in the ∼100 nm radius of tubes. This phenomenon could provide a
useful platform for the development of diverse nanofluidic devices.
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Diverse shapes of micro- and nanofluidic channels have
been studied for various applications, such as biological

testing,1,2 clinical diagnosis,3,4 environmental analysis,5 drug
synthesis,6,7 and energy generation.8,9 In particular, curved (arc
on xy-plane) microfluidic channels have been extensively
investigated since they increase the effective channel length
per unit chip length in the flow direction. Simultaneously, a
curved microchannel induces a centrifugal force that drives a
transverse secondary flow (Dean vortices), which plays a crucial
role in cell separation, fluid mixing, and target particle
trapping.10−14 Unlike the micro one, the curved nanochannel
exhibits several distinctive properties because of its small feature
size, such as higher energy conversion,15 molecular inter-
action,16 and ion transportation.17 Furthermore, if the channel
cross-section is circular instead of the common rectangular one
in most micro- and nanofluidic channels, it can eliminate the
corner effect that creates nonuniform pressure distributions at
the corners of the channel.18 The nonuniform pressure buildup
leads to the accumulation of biological substances near the
corner instead of distributing them uniformly.19,20 The circular
cross-section also minimizes the shear stress on biological
substances (cells or DNAs) flowing in the channel.20,21 For these
reasons, circular tubes at the nanoscale can be effectively applied
in important research fields, such as DNA sampling and
analysis,22 virus detection,23 and characterization of protein
molecules.24,25 In addition, the theoretical model describing the
influence of corner flow on fluid transport is extremely
complicated.26,27 A circular cross-section largely simplifies the

complexity of the model and improves the accuracy of
theoretical predictions. It is also expected that the circular
nanochannels can accurately mimic fluid behavior in root hair
and capillaries (many are just under a couple of micrometers) for
botany and angiology purposes. Due to these reasons, a strong
and effective approach for fabricating a circular nanotube (10−
1000 nm) for liquid transportation is in significant demand.
Several ways were reported to achieve circular tubes using gel

fiber,18 silicone oligomers,19 and templates of molten photo-
resist.21,28 However, these methods were only developed for
micro- and macroscale channels. Unlike macro- and microscale
dimensions, it is extremely difficult to realize circular tubes at the
nanoscale because conventional lithographic techniques are
based on the projection method,29 resulting in rectangular cross
sections. Moreover, gray-scale lithography does not allow the
formation of circular sidewalls on a scale of a few 100s of nm.30,31

Currently, it has been shown that a novel class of straight circular
nanotubes can be formed with a reliable, size adjustable,
reproducible, and wafer-scale fabrication method by a strain-
induced self-rolling process.32−34 The mismatch lattice between
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two layers induces a stress that achieves self-rolling up from the
substrate when the sacrificial layer is selectively wet-etched
underneath. This technique offers a flexible way to fabricate
nanotubes with diameter ranging from 20 nm tomicroscale32 for
the applications of fluid transportation33 and transistor device
integration in the wafer scale.34 More recently, to overcome
problems caused by wet etching, such as capillary forces and
aggressive reagents, they invented a dry etching method with a
new rolling approach. The strained bilayer processes a tensile
strain in the top layer and a compressive one at the bottom due
to intentionally varying different deposition rates during film

growth. By preopening a reactive ion etching (RIE) window, the
strained nanomembrane can be released at the final stage and
achieve more than 6000 microcapacitors integrated on a wafer
scale.35 However, realizing curved circular nanotubes, which is
an important nanofluidic research area, remains a challenge.
Here, we introduce a way to realize curved (arc) circular
nanotubes with radii of 5−100 nm using an in situ monitored
self-curving process (Figure 1), which provides real time images
and good controllability of the self-assembly with nanoscale
precision. The in situ monitored self-assembly technique also
provides a novel way for perfect welding, jointing multiple

Figure 1.Conceptual sketches of fabricating curved circular nanotubes. (a) Conceptual schematic of the electron-beam-induced self-assembly process.
(b) The designed curved 2D patterns before self-curving, (c) during the curving process, and (d) after the self-curving process (inset image shows the
3D curved tubular structure after coating by the ALD process). (e)−(g) Conceptual sketches of Al2O3 changing from the amorphous state to the
crystalline state under electron beam irradiation. The fabrication process leaves tiny gaps between two adjacent tubes and at the top of each cylinder
(h), and (i)−(j) can be sealed after the coating process.

Figure 2. Real fabrication procedures for curved circular nanotubes. Cr and Al2O3 were deposited on EBL predefined patterns before (a), (b) and (c),
(d) after the RIE process. 3D tubular structure curved by electron-beam-induced curving before (e), (f) and (g), (h) after the ALD sealing process. (i)
The sealed tubular structure captured with a large angle. (j) A circular shape cross section of the tube at (j) inlet/outlet after sealing. The diameter of a
circular tube is the same at the (k) inlet/outlet and (l) the middle position of a 4 μm tube cut by FIB down to 50 nm. (m) The hexagonal dart shape
consists of six curved circular tubes.
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nanopieces to form nanocylinders at the nanoscale. The sealing
condition and liquid flow in nanocylinders with radii of/under
100 nm were verified using a dark-field microscope system. The
proposed technique shown in this paper will provide a useful
platform for the development of diverse nanofluidic devices.
In a scanning electron microscope (SEM) system, electrons

generated from an electron gun hit and interact with a sample,
producing secondary electrons, backscattered electrons, and

characteristic X-rays that emit from the sample surface (Figure
1a). These signals are collected by detectors to identify the shape
of the sample which is displayed on a SEM monitor. Based on
our previous results,36 Al2O3 under proper electron beam
irradiation undergoes a phase change from an amorphous state
(a-Al2O3) to one of the crystalline polymorphic states (α-Al2O3)
(Figure 1b−g), which causes a volume change of the structure,
resulting in a self-assembly (-curving) process. It is worth noting

Figure 3.Curving process was in situ monitored and recorded. (a) SEM image was captured during a dynamic self-curving process, which was induced
by an electron beam. Here r is the radius of the tube, and g is the width of the gap. The dose versus radius and width of the gap are in situ monitored in
(b), and the closing speed of gap g is recorded in the inset.

Figure 4. (a) Largest gap width between two tubes after self-assembly vs the number of gaps in each interval; the deposition thickness from two sides is
about 120−130 nm. Inset picture shows the measured position. (b) Tube diameter before and after ALD vs the number of tubes in each interval. Inset
picture shows the measured position. The ALD sealing process was continuously monitored in (c)−(g) and was plotted in (h). The numerical
calculation of atomic layer diffusion length inside a tube of the ALD system was plotted in (i).
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that other amorphous materials including oxide37 and metal
alloys38 can also be used for this self-assembly process. To realize
curved cylindrical nanostructures using a self-curving process,
small rectangular patterns were integrated into a curved 2D
structure (Figures 1b and 2a,b). The Si substrate under the
patterns was selectively etched using a reactive ion etcher (RIE),
leaving anchors of Si to hold up the patterns at the center (Figure
2c,d). Using the in situ monitored self-assembly process, the
shape transformation can be carefully controlled. Under e-beam
irradiation, the 2D patterns gradually curved up to 3D shape:
when the two edges of the nanocylinder are touched, the self-
assembly process is automatically stopped due to self-locking,
and then circular tubes are completed (segmented curved
nanocylinders) (Figures 1b−d and 2e,f). The optimal gap
distances between and within each cylinder (Gaps_1 and
Gaps_2 in Figures 1h and 2f) were calculated before drawing the
design to prevent the edges of the completely curved cylindrical
structures from obstructing one another. The gaps (Gaps_1)
between cylinders should be as small as possible to realize
connections with minimal welding material. This process also
leaves tiny gaps (Gaps_2) at the joint part on the top of the tubes
(Figures 1h and 2f). Next, a thermal atomic layer deposition

(ALD) system was used to completely seal these gaps.
Compared with chemical vapor deposition (CVD), which is
unable to achieve single atomic layer thickness sealing, suffers
from high temperature, contamination, more defects, and
inhomogeneous coating:39−41 this thermal ALD process enables
Al2O3 to grow from the surface of the tube uniformly with
digitized film thickness control, which can easily seal all the gaps
but leave enough space for liquid flow inside the tube (Figures
1i,j and 2g,h). This approach finally enables the formation of
curved nanocylinders (Figure 2i) with a circular cross section
(Figure 2j). It is well possible that the coating thickness may
form a gradient from the inlet to the middle part of the tube
when the inner diameter becomes much smaller, making a large
discrepancy of the inner diameter at different positions along the
length of the tube. For certification, by further increasing the
cycle of ALD until the diameter of the tube remains only ∼50
nm (Figure 2k), the cross section at the middle of the cylinder
(Figure 2l) cut by a focused ion beam (FIB) system shows the
same diameter as the one at the end (Figure 2k), which indicates
the coating uniformity along the tube. Similarly, a hexagonal dart
shape (Figure 2m), consisting of six curved tube structures
integrated onto a pad, was also realized, which has potential

Figure 5. Drying experiment of IPA monitored in (a)−(d) a curved circular tube and (e)−(h) a straight circular tube. Green color indicates the IPA
was in the tube, while the orange color indicates that the tube was dried out. The time starts when IPA started to evaporate. (i) Simulated scattering
spectra of the tube with and without IPA filling inside. Colors were transformed from each spectrum. Data were normalized to the maximum intensity
value in the spectra. (j) The drying time vsmeniscus receding distance in straight and curved tubes. Data were fitted in power form. (k) The drying time
vs the speed of the flowing liquid measured based on (a)−(h). Data were fitted in power form. (l) The drying time vs volumetric flow rate calculated
based on (j) in both the curved and straight tube. Data were fitted in power form.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c04093
Nano Lett. 2022, 22, 2140−2146

2143

https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04093?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04093?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04093?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04093?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c04093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


applications for the integration of nanodevices. The step-by-step
details of the experimental fabrication process (Figure 2) are
described in the Supporting Information (SI, Figure S1). While
the sample was irradiated by an electron beam, the curving
behavior (radius and gap shown in Figure 3a) was continuously
monitored to confirm that all the tube structures were
completely curved. Simultaneously, the beam energy (dose)
applied for curving was recorded until the 2D patterns were
completely curved into cylindrical structures (Figure 3b, see SI
for dose calculation). As time moves forward, the dose increases,
and the curving speed gradually decreases (Figure 3b, inset).
This can be explained by the saturation of Al2O3 crystallization,
which is the cause of the volume changes and self-curving as
discussed.36 When the dose reaches 50.4 × 1015 ion/cm2, the
radius becomes 175 nm, and the gap is almost 0 nm. At this dose,
the edges touch each other, thus the structure stops curving
regardless of any further dose increase.
After forming the 3D tubular structures, an Al2O3-based ALD

process with 600 cycles (in our case 1−1.1 Å per cycle based on
different tests results) was performed to completely seal the gaps
between tube segments and achieve fluidic transportation inside
the structure. The largest gap between every pair of tube
segments after the curving process was measured (Figure 4a,
measurement position is shown in the inset). The highest
number of gaps is between 80 and 90 nm, and the largest gap is
less than 120 nm, meaning an ∼65 nm thick Al2O3 coating is
sufficient to cover all the gaps. The tube diameters before and
after ALD were measured to investigate outer diameter changes
(Figure 4b). In theory, a 1.1 μmwide 2D pattern corresponds to
an approximately 360 nm pipe diameter (5 nm tube thickness is
taken into consideration).
Based on the data presented in Figure 4b, the largest number

of samples fall in the interval from ∼340 to ∼360 nm before
ALD sealing, which is very close to the estimated values (360
nm) obtained from calculations. After the ALD process, the
highest peak (∼340 to∼360 nm)moves to the interval (∼480 to
∼500 nm), which is in accordance with the theoretical diameter
(∼480 to ∼490 nm) after 60 cycle. This result indicates that ∼5
nm thick pristine nanocylinders are strong enough to maintain
their shape at high temperatures (200 °C) during the ALD
process. The inner diameter can be well controlled by the width
of 2D patterns and the sealing thickness (ALD coating) before
and after self-assembly, respectively. After ALD for 210, 450,
690, and 910 cycles, the diameters weremeasured based on SEM
images (Figure 4c−h). The ALD technique utilizing a self-
saturation process is well acknowledged as forming a uniform
and stable growth layer with the capability of digitized film
thickness control. The self-saturating nature of the surface
reactions makes the film thickness controlled at the atomic
scale.42 Thus, the diameter of the tube can be well manipulated
from hundreds of nanometers to tens of nanometers accurately
depending on the number of ALD cycles (Figure 4h). It is also
possible to achieve an inner diameter down to 10 nm (Figure 4g)
on a 4 μm long tube segment under 0.5 Torr working pressure
with 910 ALD cycles. To estimate the minimum inner diameter
achievable with respect to the length of each tube segment, a
numerical analysis was carried out (Figure 4i, see SI for the
detailed numerical calculation). Based on the results shown in
Figure 4i, the minimum inner diameter depends on the aspect
ratio as well as pressure. Under the same working pressure, it can
be shown that an inner diameter of 10 nm can be realized with a
short tube length (Figure 4g). From the cross-sectional SEM
images, it is also verified that inner diameters along the entire

tubes are uniform (Figure 2k,l, due to the resolution limit of
SEM and 10−20 nm deformation resulting from FIB cutting an
ion bombardment process;43,44 tubes with ∼25 nm radius were
selected instead of 10 nm for verification). To confirm that the
gaps are fully sealed without leakage and the tubes can work as
liquid nanochannels, fluid transportation was demonstrated and
characterized using a dark-field microscope under the optical
diffraction limit size (Figure 5). Under the dark-field micro-
scope, nanochannels acting as “bulbs” can be lit up when liquid
(isopropyl alcohol, IPA, acting as “current”) flows in an
approximately 110 nm radius of curved tube (Figure 5a−d)
and an approximately 90 nm radius of straight tube (Figure 5e−
h) (see detailed experimental operating procedures under the
dark field in the SI). Consider 0 s as the beginning of liquid
flowing from the inlet: after 2.8 s, the IPA flows (dries out) from
one side to the other side in the curved circular tube (Figure 5a−
d). Similarly, images show IPA flowing from the left to the right
side in the straight tube in 1.0 s (Figure 5e−h). This proves the
transport capability inside the circular nanotube structures. In
addition, the boundary between the air and liquid moving from
the inlet to the outlet proves that there is no leakage in the
middle of the nanotubes when passing across gaps (Figure 2f).
The color of the tube changing from green (when there is liquid
in the tube) to orange (when there is air in the tube) is due to
different refractive indices inside the tube, corresponding to
different optical responses. The color change was further verified
by a 3D finite-difference time-domain simulator (Lumerical
FDTD Solutions45 see SI (Figure S2) for detailed configuration)
and a color calculator software (Figure 5i). The simulation result
indicates that a strong scattering peak at 550 nm and a weak one
appear at approximately 680 nm when IPA is inside the tube;
this spectrum represents a green color. A tube with air shows a
major peak at 680 nm representing a red color. The colors
obtained from the simulation results (Figure 5i) are almost the
same as the ones we obtained via dark-field experiment (Figure
5a−h), this strongly confirms the hypothesis of fluid transport
inside the tube. For the characterization of the fluid flowing in
the straight and curved nanotubes, the flow traces (Figure 5a−h)
of the liquid were obtained from the video frames and then
converted to meniscus receding distance (Figure 5j), speed
(Figure 5k), and volumetric flow rate (Figure 5l) at each time
section (a real-timemonitored video is also provided in SI Video
1). As the time increases, the receding distance of the meniscus
does not have a constant change in time for either the straight or
curved tube (Figure 5j); this is in accordance with the results
shown in Figure 5k−l: the flow speed and volumetric flow rate
decrease sharply at the beginning and then flatten until the end.
We attribute part of this fluidic behavior to the vapor diffusion
process,46 which shows a similar receding tendency of the
meniscus as observed by our experiment. However, a pure vapor
diffusion process should occur from both ends, whereas ours
only diffuses from one side (Figure 5a−h). Thus, this directional
meniscus receding behavior cannot be explained by diffusion
only. A conjecture is proposed here: IPA is a very volatile liquid.
When IPA is confined inside the nanotube and starts to
evaporate, its vapor which is imprisoned under such a small
volume is likely being “compressed”. The compressed vapor
pumps the liquid and pushes it forward, which leads to this
directional migration behavior in the∼100 nm radius of tubes. It
is worth noting that, to the best of our knowledge, this new
phenomenon was not reported previously; however, this new
phenomenon could provide a useful platform for the develop-
ment of diverse nanofluid devices. A manuscript for the detailed
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mechanism of the liquid flow in the circular nanotubes with sub-
100 nm dimension is under preparation in our lab.
In conclusion, a fabrication approach for a curved circular

nanotube with a radius at 100 nm scale has been developed via
an electron-beam-induced self-assembly process. SEM enables
nanoscale precise control for curving 2D patterns into 3D curved
nanocylinders with perfect circular cross section. The inner
diameter of the nanocylinders can be adjusted down to 10 nm
with a precision of 0.1 nm using an ALD process. Although the
developed e-beam-based self-curving technique still remains
challenging due to its low efficiency and unparallel manufactur-
ing for the wafer scale, which needs to be overcome in the future,
the fabrication technique shown in this paper will shed light on
an approach for fabricating both curved and straight circular
tubes under a 100 nm scale with fast adjustable tubular size and
radii of curvature and provide an effective platform for
researching nanofluidics via dark-field color rendering. More-
over, the novel fluid flow generated by a self-pumping process
might trigger diverse applications that require mechanical power
or force in nanoscale devices.
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