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Highly Symmetric and Extremely Compact Multiple
Winding Microtubes by a Dry Rolling Mechanism

Somayeh Moradi,* Ehsan Saei Ghareh Naz, Guodong Li, Nooshin Bandari,
Vineeth Kumar Bandari, Feng Zhu, Horst Wendrock, and Oliver G. Schmidt*

Rolled-up nanotechnology has received significant attention to self-assemble
planar nanomembranes into 3D micro and nanotubular architectures. These
tubular structures have been well recognized as novel building blocks in a
variety of applications ranging from microelectronics and nanophotonics

to microbatteries and microrobotics. However, fabrication of multiwinding
microtubes with precise control over the winding interfaces, which is crucial
for many complex applications, is not easy to achieve by existing materials

Rolled-up tubular devices reported
so far very often address applications,
which rely on only a small number of
windings.'¥®357] Devices with a larger
number of windings such as large-area
rolled-up energy storage elements® and
microtube inductors® have also been dem-
onstrated, but in this case the tightness and
quality of the windings has not been crit-

and technologies. Here, a dry rolling approach is introduced to tackle this
challenge and create tight windings in compact and highly symmetric
cylindrical microstructures. This technique exploits hydrophobicity of
fluorocarbon polymers and the thermal expansion mismatch of polymers
and inorganic films upon thermal treatment. Quality parameters for
rolled-up microtubes, against which different fabrication technologies can be
benchmarked are defined. The technique offers to fabricate long freestanding
multiwinding microtubes as well as hierarchical architectures incorporating
rolled-up wrinkled nanomembranes. This work presents an important

step forward toward the fabrication of more complex but well-controlled

microtubes for advanced high-quality device architectures.

Over the last couple of decades enormous efforts have been made
to design, fabricate, and optimize functional micro/nanostructures
with desirable size, morphology, and shape. Rolled-up nanotech-
nology as an elegant approach to self-assemble planar patterned
nanomembranes into 3D micro and nanotubular device architec-
tures by built-in differential strain has received increasing atten-
tion.l Rolled-up tubular architectures are key to many innovative
building blocks in a variety of application scenarios such as com-
pact electronic elements,?! optical ring resonators,3! lab-in-a-tube,
microtubular biosensors,?! and rolled-up magnetic architectures.’!

ical to build the devices. Still, fabrication
of high-quality multiwinding microtubes
is a crucial requirement for applications
with more complex functionalities such
as rolled-up metamaterial optical fibers,'
hyperlenses,™! and 3D cylindrical photonic
crystals.'Zl Intense research has been con-
ducted in recent years toward these applica-
tions, but the inability of the current roll-up
mechanisms to provide interfacial defect-
free multiple rotation microtubes has
prevented engineering of the very same.
Providing high-quality winding interfaces
will also increase mechanical stability and
ensure high yield fabrication of rolled-up
microtubular devices, which in turn will open up a wide variety
of engineering and technological applications.

Generally, the stress releasing process for rolling up strained
nanomembranes involves wet etching of a sacrificial layer
introduced into the structure between the strained nanomem-
brane and the substrate. This often means employing harsh
chemicals[®¥! that can cause heavy damage to the active device
layers, thus putting severe limitations on materials choice and
processing parameters for the rolled-up structures. Roll-up
strategies also include exploiting polymeric sacrificial layers!!¥
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which enable people to use mild organic solvents as etchants,
or applying dry etching processes!™ to avoid damaging effects
typically caused by wet chemistry. However, none of these
approaches has been able to effectively control and minimize
the winding interfacial defects generated during the etching
process, especially when a large number of windings is needed
in a microtubular device architecture.

Here, we demonstrate an approach based on the adhesion—
delamination phenomenon at the interface of dissimilar mate-
rialsl'® and the elimination of the need of the sacrificial layer
to be etched away during the rolling process. Although delami-
nation at the interface of different classes of materials such as
polymers/metals is commonly known to cause catastrophic
failure in microelectronics and MEMS devices,”] we exploit this
“failure mode” to establish a dry platform for curling strained
nanomembranes into a new class of rolled-up microtubular
structures. The dry self-rolling technique relies on the intro-
duction of an antiadhesive polymeric film between the strained
nanomembrane and the holding substrate. Exploiting the
hydrophobicity feature of this polymeric film and the thermal
expansion difference of the polymer and deposited inorganic
films upon heating!’®! leads to an upward delamination of the
nanomembranes and a subsequent roll-up process. As the cen-
tral element of this method we employ amorphous fluorocarbon
(FC) polymers (which are nowadays widely used for release-layer
technologies!™?) as low surface energy films for the deposition
of strained layer stacks, which are then rolled-up as nanomem-
brane materials into compact tight-winding microtubes.

Because FC polymers have extremely low surface free energy
providing strong nonadhesiveness, the deposition of high-
quality thin films needs to be carefully optimized. For instance,
the nanomembrane layer materials are deposited at low tem-
perature to minimize thermal expansion mismatch between
the polymeric layer and the inorganic films. In this way, the
deposited nanomembranes effectively bond to the FC layer sur-
face and the adhesion is high enough to prevent crack forma-
tion although the deposited layer stacks are highly strained. The
large coefficient thermal expansion (CTE) mismatch between
the polymer layers and the strained inorganic nanomembrane
layers causes large thermally induced stress to the nanomem-
branes upon heating up the substrate to elevated temperatures.
This extra thermal stress overcomes the weak molecular forces
between polymer and nanomembrane and results in the detach-
ment and roll-up of the nanomembrane from the host substrate.

In the following, we present the process for creating highly
compact rolled-up microtubes consisting of large numbers of
windings and various materials and material combinations.
Figure 1a illustrates the simple fabrication process starting by
dip (spin)-coating of the FC polymer layer onto a Si (glass, flex-
ible) substrate. After heating at 120 °C for 2 min to improve
the adhesion of the FC layer on the substrate, we deposit the
strained bilayer (multilayer) by electron beam evaporation
at a low temperature (<60 °C). The low-temperature deposi-
tion is crucial to prevent formation of (micro) cracks caused
by thermal stress arising from large temperature changes.
After deposition, we heat the samples on a hotplate up to tem-
peratures between 140 and 160 °C. This process step initiates
the detachment of the layered nanomembrane from the FC
polymer layer and curls the nanomembrane into a compact
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microtubular structure (Mechanism I). Similarly, the FC layer
can detach from the substrate and partially or totally curl up
together with the layered nanomembrane (Mechanism II).

In Figure 1b, scanning electron microscopy (SEM) shows

the top-view image of long rolled-up microtubes created by the
dry FC-assisted rolling process based on mechanism I. The
bilayered Ti/Cr (15 nm/20 nm) nanomembrane detaches from
the FC polymer layer (thickness: =0.2 um) on the Si substrate
and rolls up into microtubes with diameters of =11 pm simply
upon heating the sample at 140 °C for around =5 min. During
heating the FC polymer layer experiences more expansion
than the metallic nanomembrane because of the much larger
coefficient thermal expansion (fluorocarbon polymer (PTFE):
>124 x 10°° K1 (25-100 °C),20 titanium: 8.4-8.6 x 10° K,
and chromium: 4.9-8.2 x 107® K1 (25-100 °C)?!)). The thermal
misfit strain &y, between the two constituents, the FC polymeric
and metallic bilayer, during high temperature annealing can be
expressed as!!8]
e =—A0AT =(arc —ar)(Ta—To) )
where ogc and o are the thermal expansion coefficients of the
FC polymer layer and the metal bilayer, respectively, Ty is the
annealing (rolling) temperature, and T is the initial tempera-
ture which in this case is assumed to be room temperature. The
rolling speed is influenced by the amount of thermal strain gen-
erated during the heating step. The induced thermal strain and
consequently the rolling speed can be controlled by the thickness
of the FC polymeric layer as well as the temperature changes
during the annealing step. The dependence of the rolling speed,
S, on the FC layer thickness and the rolling temperature is dis-
played in Figure 1c,d. Based on Equation (1) the thermal strain is
influenced by the CTE of the FC polymer layer and the inorganic
strained bilayer as well as the rolling temperature. It has been
shown that the CTE of fluorocarbon polymer (PTFE) thin films is
strongly thickness dependent. A model for the thickness depend-
ence of CTE of PTFE by considering both the free surface and
the substrate effect has been introduced by Kim and Shi as(??!

1-a

-1
1 1-b
o/t ={§|:exp(t/to —1)+exp(t/to —1)]}

where ¢, and o, denote the thickness-dependent CTE and the
bulk value, respectively, a is a measure of the mobility between
polymer and substrate, the mobility near free surface is repre-
sented by b, and t, represents a characteristic thickness. These
parameters, which are dependent to the temperature, are deter-
mined by the best fit of the experimental data of the thickness-
dependent CTE to Equation (2). Based on their findings, if
the segmental mobility of the polymer/substrate is dominant
(a < b), CTE decreases with increasing film thickness (25 and
105 °C). On the other hand, at high temperatures (205 and
305 °C) when the mobility of the polymer near the surface is
enhanced and the free surface effect is dominant (a > b), CTE
increases with increasing film thickness.

Substituting Equation (2) into the thermal strain Equation (1)
yields the thermal misfit strain as a function of the polymer
layer thickness. The thickness dependence of the thermal misfit
strain at temperatures of 105 and 205 °C is displayed as “blue”

(2)
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Figure 1. Dry fluorocarbon (FC) layer-assisted and heat-induced rolling technique. a) Schematic illustration of the dry rolling process by means of a FC
thin layer upon thermal treatment. Fabrication starting with dip (spin) coating of FC thin layer on a silicon (glass or flexible) substrate as an antistiction
layer, following by the strained nanomembrane deposition and eventually detachment of the nanomembrane from FC layer and the rolling process
by heat treatment on a hotplate (mechanism I). In the case of lower adhesion between FC layer and substrate compared to nanomembrane and FC
layer, the polymer layer also rolls up and is integrated into the windings (mechanism Il). b) SEM image featuring millimeter long microtubes released
by a 0.2 um-thick FC layer. Microtubes are comprised of metallic bilayer of Ti/Cr, which detached upon heating at 140 °C. Scale bars are 200 pum.
c,d) Dependency of the thermal strain and rolling speed on thickness of FC polymer layer and rolling temperature, respectively. Experimental data are
based on strained bilayer comprising Ti/Cr. e1) 3D surface profile of a FC layer dip-coated from an as-received FC solution with concentration of 2 wt%
showing waviness profile of the layer surface. e2) 2D line profile displays wave height and wavelength of FC wavy layer corresponding to AB line shown
in 3D profile. f) FC layer thickness, wave height, and roughness as function of FC solution concentration.

and “green” curves, respectively, in Figure 1c. Compared to the
blue curve, which does not agree with the rolling manner of our
layer system, the green curve nicely reproduces the behavior of
the rolling speed, implying that the rolling speed is directly pro-
portional to the thermal misfit strain between the inorganic and
the polymer layer. The graph in Figure 1c shows a significant
increase in the rolling speed from around =20 to =80 um min™
when the FC layer thickness increases from =40 to =100 nm.
This increase is attributed to the strong dependence of the CTE
of the polymeric FC layer on the thickness. By increasing CTE
of the FC polymer layer, a larger CTE mismatch between the
FC layer and the bilayered nanomembrane and consequently a
larger thermal stress is introduced in the films upon heating.
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For thicker FC layers (>100 nm), the releasing speed saturates
and stays independent of the FC layer thickness as the proper-
ties of the FC layer are dominated by their bulk material values.
To evaluate the behavior of S, on the rolling temperature, not
only the temperature change during the thermal treatment has to
be considered but also the CTE change of the FC layer over the
specific temperature range has to be taken into account. Kim and
Shi have shown the dependence of the normalized CTE of the FC
polymer (PTFE) thin layers on the temperature can be described
by a polynomial expression over a specific temperature rangel??!

2
oT =0 +CT|:1—(%) }
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where o is the temperature-dependent CTE, ¢ is CTE at
room temperature, ¢ is a constant value which is determined
by fitting the experimental data, and T, represents room tem-
perature. Based on the analysis of the normalized CTEs of the
PTFE samples with different initial thicknesses of 96, 499, and
1154 nm over a specific temperature range they found CTE
is nearly independent of the temperature for the thin PTFE
polymer layer (96 nm), but for the thick PTFE samples (499 and
1154 nm) is temperature-dependent.

By combining the thermal strain Equations (1) and (3) for the
temperature-dependent CTE of the PTFE polymer (499 nm) we
obtain the “green” curve plotted in Figure 1d which reproduces
the nonlinear behavior of the rolling speed as a function of
temperature. By contrast, the “blue” curve which shows a linear
relationship between the misfit thermal strain and tempera-
ture for the thin PTFE sample (96 nm) does not agree with the
rolling speed behavior of the layer system. For the sake of sim-
plicity and because the CTE change over the temperature range
of 25-160 °C for the inorganic layers such as Ti and Cr is very
low (<2 X 10° K23 compared to the PTFE polymeric layer
(=250 x 107 K7! for 500 nm-thick PTFE),?? we consider that
the CTE value of the inorganic strained bilayer is independent
of the temperature. The rolling speed (=5 wm min™) is lowest
at a temperature just below 80 °C slightly increasing when the
temperature rises to 120 °C. The CTE mismatch increases as
the annealing temperature rises, which in turn causes a con-
tinuous increase in the misfit thermal strain and consequently
the rolling speed.

Investigating the surface morphology of the FC layer is cru-
cial to understand the details of the fabrication method and to
achieve optimized tube configurations. Figure lel reveals the
3D surface profile of a dip-coated FC layer showing a wavy pro-
file of the layer surface. The 2D line scan given in Figure le2
provides the wave height amplitude (220 + 60 nm) and wave-
length (30 £ 5 um) of the pattern. As shown in Figure 1f, the
FC layer thickness, wave height, and roughness, which strongly
affect the tightness level of the microtube windings, can be
tuned by dilution of the FC solution. Diluting the FC solution
in fluorocarbon-based solvent from 2 to 0.1 wt% causes the
FC layer thickness and wave height to decrease from =200 to
=15 nm and from =220 to =20 nm, respectively, when the dip-
coating process is applied. Similarly, the FC layer roughness
is reduced from around =8.2 to =3.1 nm by the same dilution
factor.

To demonstrate the ability of the proposed approach to create
highly symmetric and ultracompact multiwinding microtubes,
we carried out a comprehensive investigation of the cross-
sectional structure of the fabricated microtubes by focused
ion beam (FIB) preparation and scanning electron microscopy
(SEM). Figure 2a shows cross-sectional SEM images of a highly
compact multiple winding microtube consisting of alternating
layers of Ti (15 nm)/Cr (20 nm)/Al,O3 (11 nm)/Cr (30 nm)/
Al, O3 (11 nm). The rolling process was done using a thin FC
layer with a thickness of =40 nm (FC solution concentration:
0.2 wt%) upon heating at 140 °C. The image of a void-less
rolled-up microtube with 13 windings demonstrates the capa-
bility of the dry method to create structurally perfect ultracom-
pact multiwinding tubular structures. The extra thermal stress
in combination with the intrinsic strain gradient in the layered
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nanomembrane provides a large driving force for the roll-up
upon thermal treatment at high temperatures. The dry nature of
the technique, which excludes any fluids to enter neighboring
windings and the smooth delamination of the nanomembrane
by means of the hydrophobic polymer layer are responsible for
providing defect-free interfaces of the alternating layers in the
microtube structure. From the magnified cross-sectional SEM
in Figure 2a3 we find that the rolling process was governed by
mechanism II as the FC layer was entirely rolled up together
with the metal and oxide nanomembrane. Another cross-
sectional image of a rolled-up microtube with an even higher
number of windings is shown in Figure 2b. The microtube con-
sists of a bilayered nanomembrane of Ti (15 nm)/Cr (20 nm)
with around 50 tight windings and an average outer diameter
of =7 um. Similarly, the rolling process was done using a thin
FC layer with a thickness of =40 nm. In the magnified cross-
sectional SEM image in Figure 2b3, this FC thin layer can again
be detected in the windings.

One factor that controls the mechanism of the rolling
process is the thickness of the FC layer. For large FC layer
thicknesses (normally above 100 nm), the rolling process is
governed by mechanism I. However, as the thickness of the FC
layer decreases to values around 50 nm and less mechanism
II becomes dominant. In this case, applying thermal treatment
or using adhesion promoter materials to improve the adhesion
of the FC layer to the substrate can prevent the FC layer to roll
up. One explanation for why the FC layer thickness can control
the nature of the rolling mechanism is the effect of certain FC
layer morphological features (waviness and roughness) on the
wettability of the FC layer that is dependent on the thickness of
the FC layer. The relationship between the surface roughness
and wettability of solid surfaces has been described by the well-
known Wenzel model which implies that surface roughness
always amplifies the wetting properties of a given surface.?¥
Therefore, a surface roughness renders hydrophobic surfaces
even more hydrophobic. The effect of surface morphology on
the wettability of the FC polymer surfaces as extreme hydro-
phobic polymers has been reported by several research works
and the results have shown that even extremely low surface
roughness values (nanometer range) are important and influ-
ence the wetting behavior of these polymers.?’! It has also been
realized that by micro- and nanotexturing a FC polymer surface
to increase its roughness, the wettability can be decreased.[2¢!
According to our investigation on the effect of the rolling tem-
perature on the rolling mechanism, we did not observe any
significant change in the rolling mechanism at different temper-
atures. Therefore, we assume a thickness-dependent adhesion
between the FC layer and the strained nanomembrane rather
than a temperature-dependent adhesion. Moreover, it is reason-
able to assume that the detachment of a thick polymeric layer is
more difficult compared to a thinner layer of the same strained
nanomembrane and adhesion condition. Different approaches
to determine the mechanism type of the rolling process in the
dry FC-assisted rolling technique have been presented in detail
in Figures S1and S2 (Supporting Information).

We confirmed that the tightness of the windings is not lim-
ited to particular parts along the axis of the microtube. This
is especially important for tubular devices, in, e.g., optical
applications,V®?"] where the light needs to propagate along the

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Structural characterization of multiple winding rolled-up microtubes fabricated by dry FC-assisted rolling approach. a—c) False-colored cross-
section SEM images of the rolled-up microtubes made from different material combinations and winding numbers. al) Symmetric and tight rolled-up
microtube consisting of Ti/Cr/Al,03/Cr/Al,O5 layers and 13 rotations. a2,3) Magnified SEM images revealing consecutive layers of metal and oxide
separated by a thin FC layer. b1) Rolled-up Ti/Cr microtube consisting of about 50 tightly wrapped windings. b2,3) Magnified SEM images of bilayered
rolled-up microtube. c) Microtube made of Ti/Au/TiO,/Cr layers with several FIB cuts at different positions proving tightness of the windings along the
whole length of the microtube. d,e) Quantitative structural analysis of all rolled-up tubular structures: d) rolled-up microtube defect-free sector angle,
o, and e) microtube shape circularity. Scale bars are 2 um. Scale bars in (a3) and (b3) are 100 nm.

whole length of the microtube. To explore this critical feature,
we prepared several FIB cuts at different positions along the
axis of the microtube. Figure 2c shows cross-sectional images
of a long microtube thermally rolled up from a multilayer
nanomembrane consisting of Ti (10 nm)/Au (10 nm)/TiO,
(25 nm)/Cr (15 nm) which was cut into several fragments of dif-
ferent lengths ranging from around =20 to =60 pm.

In the following, we present a comprehensive quantitative
structural analysis of the rolled-up microtubular components.
The precise structural analysis is an essential part in rolled-up

Adv. Mater. Interfaces 2020, 7, 1902048 1902048 (5 of 9)

nanotechnology as any imperfection in the layer structure of a
rolled-up device can directly influence its main functionalities.
To do this, we carefully define certain quality parameters, which
are essential to be fulfilled by a high quality multi-winding
microtube. As schematically depicted in Figure 2d, one key
parameter of a multiwinding rolled-up microtube is the angle
of a sector (4,) in which tight windings free of interfacial
defects (including winding void (large gap) or winding loose-
ness (continuously long narrow space)) can be found. Based
on this definition, a perfectly wound microtube has a value of

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Oy = 360°. Apart from the absolute number of void and loose-
ness in consecutive windings, the distribution pattern of the
interfacial defects over the cross section can influence this
angle. Another important factor that can crucially affect the per-
formance of rolled-up devices, especially those that are sensitive
to the geometric shape, such as high frequency electronics and
optics,? is the degree of symmetry (circularity) of a rolled-up
microtube. As illustrated in Figure 2e, the deviation from circu-
larity can be defined by the normalized average distance from
the surface points to the nearest points on a perfect circle. The
deviation from circular symmetry is greatly influenced by the
number, scale and even the distribution pattern of the interface
defects between the windings. While for an exact circular shape
the circularity value is defined as one, by increasing the circu-
larity deviation, the circularity value decreases. The dependence
of these two factors on FC layer morphology has been thor-
oughly investigated and is presented in Figure S3 (Supporting
Information).

The uniqueness of the heat activation rolling approach is the
capability of creating rolled-up multiwinding microtubes with
a high degree of compactness independent of the number of
rotations. Figure 3a presents microtubes with different number
of windings using a strained multilayer nanomembrane com-
prising Ti (10 nm)/Au (10 nm)/TiO, (25 nm)/Cr (15 nm) released
together with an =40 nm thick FC layer at 160 °C. Figure 3al-3
shows the cross-section SEM images of the microtubes with 8,
15, and 50 windings, respectively. The microtubes are free from
extended voids between the windings even in the case of the
microtube with =50 windings. Energy-dispersive X-ray (EDX)
analysis at different positions on the sample including the rolled
part, tube surface, and unrolled part of the nanomembrane dis-
played in Figure 3b, indicates that the FC layer is also found in
the microtube together with the metal and oxide layers.

To quantitatively compare the structural perfection of the
rolled-up microtubes fabricated by the dry FC-assisted rolling
technique with conventional wet chemical etching methods, we
conducted a thorough study based on tightness angle and cir-
cularity degree derived from cross-sectional images presented
in previous publicationsl*%2110142.272.285.29] and our own experi-
mental data (details of the wet chemistry rolling process are
given in the Experimental Section). The results of this analysis
are plotted in Figure 3c and reveal that by employing the dry
FC-assisted rolling technique the tightness angle experiences
a slight decrease from =360° to =270° when the number of
windings increases from around 2 to 50. In contrast, applying
conventional wet chemistry causes the tightness angle to drop
quickly and reach a value of =60° when the rotation number
increases to only 10. The dependence of circularity on the
winding number for microtubes fabricated by these two dif-
ferent methods (dry and wet) is depicted in the figure as well.
The number of microtube windings has a direct impact on the
quality of the cylindrical shape for microtubes produced by wet
chemistry. While it is not difficult to achieve high circularity
for a microtube with a few windings (<3), it becomes increas-
ingly more difficult to achieve a round shape for larger winding
numbers (>10).

Similar to the continuous strained nanomembranes
which can be rolled to create highly compact multiwinding
microtubes, rolling of the patterned strained nanomembrane
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(photolithography process) in a well-controlled unidirectional
manner (angled deposition process!'*#3%) can be managed by
this technique as well. In both cases, a high yield (>90%) of the
extremely compact multiwinding microtubes was obtained by
applying the optimized rolling conditions such as using thin
FC layers (thickness <40 nm). Moreover, by applying angled
deposition, we could force the patterned strained nanomem-
branes to exhibit unidirectional rolling with a yield of 40% to
70% depending on the pattern shape, dimensions and tilt angle
of the angled deposition process. The compatibility of the FC-
assisted rolling technique with optical lithography is discussed
in detail in Supporting Information (Figures S4-S6, Supporting
Information).

Tightly packed windings fabricated by dry rolling signifi-
cantly enhance the mechanical stability of the microtubes.
This opens up the possibility to reliably produce entirely
freestanding microtubes where a large part of the micro-
tube extends over the substrate edge."™ Fabricating such free-
standing microtubes constitutes a promising way to eliminate
the frustrating and time-consuming transferring process?*!
when microtubular devices need to be aligned with measure-
ment setups. Moreover, such entirely freestanding microtube
sections may provide perfect conditions to accurately measure
the microtube structural performance without interfering with
the substrate surface. Figure 3d1,2 shows SEM images of the
freestanding microtubes with different free part lengths (Lg)
as defined in Figure 3d3. The microtube shown in Figure 3d2
consists of =50 windings with a 2.5 mm long free part.
Figure S7 (Supporting Information) shows details of the fabri-
cation process.

Tailoring the wrinkling (buckling) phenomenon
in combination with the strain-engineering rolled-up nano-
technology and the novel dry rolling platform enables us to
introduce a methodology to produce rolled-up structures with
aligned wrinkling patterns. On a flat underlayer surface, there
is neither a preferred orientation for the wrinkles, nor a reason
for the wrinkles to form systematic patterns, thus the film wrin-
kles are randomly disordered.?23*3% However, on a nonflat sur-
face having a bas-relief pattern such as the wavy surface of the
FC layer, the stress in the film is not uniform, instead, there
is a strong orientation of the stress in the vicinity of the relief
structures.?” Therefore, the wrinkles form in patterns ordered
near the FC layer waves as the relief features. Depending on
the waviness level of the FC polymeric layer, microtubes deco-
rated with different wrinkling patterns are easily fabricated
and displayed in Figure 3el-5. These hierarchical well-ordered
wrinkled microtubes may open up new avenues in the future
interdisciplinary field of rolled-up nanotechnology. The mecha-
nism for the formation of these fascinating structures is pre-
sented in Figure S8 (Supporting Information).

In summary, we introduced a dry rolling technique exploiting
the hydrophobicity feature of a polymeric release layer together
with the thermal expansion mismatch of the polymers and inor-
ganic films upon thermal treatment. This approach enables
rolled-up nanotechnology to create highly symmetric and com-
pact multi-winding microtubes. A systematic structural analysis
allows us to define quality parameters against which we bench-
mark rolled up microtubes produced by different technologies
(e.g., wet and dry etching). The high mechanical stability of

[16d,32,33]
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Figure 3. Compact multiwall rolled-up microtubes, capability of engineering freestanding microtubes and ability of decorating microtubes with aligned
wrinkling patterns. al-3) False-colored cross-sectional SEM images of microtubes comprising Ti/Au/TiO,/Cr layers and different winding numbers (8,
15, and 50). Scale bars in full cross-section SEM images represent 2 um. Scale bars of magnified SEM images are 500 nm. b) Energy-dispersive X-ray
spectrum analysis of the microtubes displayed in (al)—(a3). Scale bar of inset image is 10 um. c) Microtube tightness angle (¢4,,) and circularity as
function of winding number of rolled-up microtubes. All measurement data are based on the cross-section images of the microtubes released from
a thin FC layer (=40 nm). d1) False-colored SEM image of a single freestanding microtube. d2) False-colored SEM image of a freestanding microtube
with a free part length, Lg, of around =2.5 mm. d3) Schematic illustration of a freestanding microtube. Microtubes presented in (d1) and (d2) consist
of Ti/Cr bilayer nanomembranes. Scale bars in (d1) and (d2) are 100 and 500 um, respectively. e1-5) False-colored SEM images of different wrinkling
patterns rolled-up into microtubes. Surface wrinkling patterns are changed by waviness level of FC release layer, which is dependent on FC solution
concentration. FC wavy layers made of different solution concentrations (0.1, 0.2, 0.5, 1, 2 wt%). All microtubes presented in (e1)—(e5) are made of Ti/

Au/Cr layers and scale bars are 10 um.

compact multiwound microtubes will help to ensure reliable  process. Our work opens up possibilities toward realizing highly
integration into technological applications. The dry rolling tech- ~ complex device architectures such as metamaterial optical fibers
nique provides ordered wrinkle patterns which can be integrated  or cylindrical photonic crystals, which have been out of reach by
into the hierarchical structure of microtubes after the rollup  traditional wet chemical etching technologies.
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Experimental Section

FC Release Layer Preparation: First, the substrate was sonicated
by immersing in DMSO, acetone, and isopropanol for 3 min and
subsequently followed by O, plasma etching step to remove any
residuals from the substrate surface. After cleaning, the antistiction FC
layer using a commercially available fluoropolymers solution (3M Novec
1700 Electronic Grade Coating), which is a clear, low viscosity solution
of a 2 wt% fluorochemical acrylic polymer carried in a hydrofluoroether
solvent was dip (spin) coated on the substrate. Afterward, sample was
annealed at 100 °C for 1 min to remove all the solvent residuals. Various
concentrations of FC solution (0.1-2 wt%) can be prepared using a
fluorocarbon-based solvent (3M Novec Engineered Fluid 7100).

Deposition of the Strained Layers on FC Layer: Deposition of the
strained metal layers including Ti, Cr, and Au was done in a conventional
e-beam  evaporator  (IM9912-Micronova) under high  vacuum
(<107 mbar). Precisely controlling the sample temperature during the
deposition process is crucial to prevent initiation and propagation of the
(micro) cracks. The maximum temperature, which the samples could
tolerate without any crack formation was 60 °C. In order to guarantee
the constant low temperature condition during the metal evaporation
process, a sample holder with large distance from the materials crucible
(290 mm) was installed. To provide enough intrinsic strain induced by
the deposition process in this larger distance, the deposition rates of
2.5, 3, and 2 A s7' for Ti, Cr, and Au, were set, respectively. The oxide
layers such as Al,O; and TiO, were deposited by atomic layer deposition
(ALD) (Savannah 100, Cambridge NanoTech Inc.). Al,O; layers were
deposited at 80 °C (1.1 A cycle™), while TiO, layers were deposited at
160 °C (0.5 A cycle™).

Wet Chemistry Rolling Process: The 20 nm LiPON as the sacrificial layer
was deposited via reactive sputtering deposition (Moorfield MiniLab 60)
using a LisPO, target (Evochem) in nitrogen atmosphere. Immediately
after deposition the sacrificial layer was covered by a thin layer of Al,03
(11 nm) to protect it from dissolution in the air humidity and aqueous
solutions during photolithography steps. Afterward, different strained
nanomembranes including a trimetallic nanomembrane consisting
of Au (5 nm)/Ti (15 nm)/Cr (20 nm) and a multilayer nanomembrane
made of Au (5 nm)/Ti (15 nm)/Cr (20 nm)/Al,O; (11 nm)/Cr (30 nm)
were deposited on top of the oxide layer. The Au, Ti, and Cr layers were
deposited via electron-beam evaporation (IM9912-Micronova) with
the rates of 1, 1, and 3 A s, respectively. The oxide layer was grown
by ALD (SavannahTM 100, Cambridge NanoTech Inc.) at 200 °C with
a rate of 1.1 A cycle™. For releasing the nanomembrane, the substrate
was immersed in deionized water (DI) as the wet etchant solution at
70 °C to start selectively removing the sacrificial layer and rolling up the
nanomembrane.

Morphology Characterization of FC Release Layer: Morphology
investigation of FC layers including surface roughness, thickness, and
wave height measurements was done by using Stylus Profilometer
(Veeco Dektak-8) and atomic force microscopy (AFM) (Agilent 5600LS
system) under an argon controlled environment. AFM measurements
were performed in tapping mode using special ultrasharp (4-10 nm
tip radius) Olympus cantilevers, which allowed high-resolution
measurements. 3D surface mapping of FC layer was done by a Dektak
XT stylus profiler (Bruker).

Microtubes Cross-Sectional Characterization: Fabricated microtubes
were imaged using a scanning electron microscopy (NVision 40
CrossBeam, Carl Zeiss). Images were obtained using the acceleration
voltage of 2-5 kV. The cross-sectional images of the microtubes in
order to investigate quality of the windings interface were prepared
by an attached Ga-ion FIB milling column for vertical cutting (Zeiss
NVision40 dual-beam). Energy-dispersive X-ray spectroscopy analysis
for the elemental analysis of the microtubes was carried out using a
SEM Ultra Plus with an attached peltier cooled Si(Li) detector (Oxford
instruments).

Microtube Circularity Calculation: The outer shape circularity was
measured on the cross-sectional images of the rolled-up microtubes
using image analysis software “Image).”
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