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Abstract

Pyrolysis, which involves thermal decomposition of materials at elevated temperatures, has been
commonly applied in the chemical industry. Here we explored the pyrolysis process for 3D
nanofabrication. By strain engineering of nanomembranes on a thermal responsive polymer as
the sacriﬁcial layer, we demonstrated that diverse 3D rolled-up microstructures with different
functions could be achieved without any additional solution and drying process. We carefully
studied the effect of molecular weight of the polymer in the pyrolysis process and identiﬁed that
the rapid breakdown of molecular backbone to a monomer is the key for nanomembrane
releasing and rolling. Preferential rolling direction and corresponding dynamics were studied by
analyzing the real-time video of the rolling process. We further demonstrated the versatile
functions of the fabricated 3D structures as catalytic microengines and optical resonators. The
simple fabrication methodology developed here may have great potential in producing functional
3D tubular micro-/nanostructures.
Supplementary material for this article is available online
Keywords: polymer pyrolysis, 3D nanofabrication, rolled-up micro/nanostructure, microengine,
optical resonator
(Some ﬁgures may appear in colour only in the online journal)
[22], nanomachine [23, 24], and lab in a tube system [25].
The technology was ﬁrstly reported more than a decade ago
[26–29], where strained nanomembrane (e.g., InAs/GaAs)
was grown on a sacriﬁcial layer via molecular beam epitaxy.
Strain-induced curling happened after the selective removal of
the sacriﬁcial layer, and thus rolled-up tubular structures were
formed [30–32]. Different material systems were employed
for the fabrication of micro/nanostructures based on this socalled rolled-up nanotechnology since then [33], and many
applications have been demonstrated. For instance, a strained
nanomembrane containing quantum dots was made to prepare
ring resonators [34]. The release of the strained layer resulted
in the red shift and enhanced emission signal of the resonator
[35]. Magnetic driven artiﬁcial bacterial ﬂagella were

1. Introduction
Spontaneous curving and rolling behavior is very common in
nature [1, 2], from plant growth and food production to
polypeptide chains curling. Inspired by these phenomena,
scientists in various ﬁelds have mimicked the natural
assembling routes to fabricate complex 3D structures with
intriguing composition and morphology at micro- and
nanoscale. Recently, self-assembly becomes one of the most
attractive manufacturing methods to fabricate 3D micro/
nanostructures [3–5]. In particular, self-rolling as one of the
self-assembly techniques has been widely applied in electronic engineering [6–13], photonics [14–16], micromechanic
[17, 18], biohybrid nanomaterials [18–21], energy storage
0957-4484/19/354001+10$33.00
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fabricated by the self-rolling of helical nanobelts and the
obtained artiﬁcial ﬂagella were suitable for swimming in
liquid with low Reynolds number for potential biomedical
applications in vivo or in vitro [36, 37]. Hybrid nanomembranes were also rolled into tubular structures for energy
storage devices with improving reversibility and miniaturized
dimensions [38, 39]. The main advantage of rolled-up nanotechnology is that various geometry encoding can be
implanted in 2D nanomembrane in order to guide assembly of
target 3D architecture [40, 41]. However, in conventional
rolled-up process, the upper strained nanomembrane may also
be affected during chemical etching of the sacriﬁcial layer,
and efforts have been dedicated to select suitable material
combination for selective etching [42–44]. As an attempt to
solve this problem, photoresist was engaged as the sacriﬁcial
layer and it can be removed by an organic etchant while the
inorganic strained nanomembrane was kept almost intact [45].
However, it is still challenging because the etching involves a
liquid environment, and the evaporation of liquid during the
drying step causes the collapse of the micro/nanostructure
due to the effect of surface tension [46, 47]. Therefore,
supercritical drying might be used in previous investigations
to avoid this problem [45]. It is worth noting that the liquidbased process also limits the selection of materials that can
survive in the solution.
To overcome these shortcomings, in this work, we
modiﬁed the rolled-up nanotechnology by using thermal
degradable poly-α-methylstyrene (PAMS) as a sacriﬁcial
layer. The releasing and self-rolling were carried out at high
temperature in N2 atmosphere based on a thermally controlled
polymer pyrolysis process. The wet etching and supercritical
drying steps can thus be waived. The inﬂuence from the
polymer molecular weight, the geometry of the rolled-up
structures, the preferential rolling direction, as well as the
corresponding rolling dynamics were studied in the present
work. We further demonstrated that the obtained tubular
structures can be used as a microengine and optical resonator
for possible applications in the ﬁelds of drug delivery and
biosensing.

2.2. Rolling process and characterizations

The samples were heated at 300 °C (Instec HCS600 heating
stage) to release the nanomembrane (ﬁgure S1). At this
temperature, PAMS sacriﬁcial layer was degraded into
monomer molecules [50]. Released prestrained nanomembranes were self-rolled into tubular microstructure, and this
process was recorded by optical microscopy (Olympus BX51)
with a CCD camera. Thermal analyses were conducted on
SDT Q600 from TA Instruments. The powder samples were
heated up to 800 °C at a linear heating rate of 10 °C min−1
with nitrogen protection.
2.3. Fabrication of a self-propelled microengine

Microengines with tubular geometry were produced by rolling SiO/Cr/Pt (20/20/5 nm) multilayer nanomembranes.
The prepared tubular microengines were placed in 0.50%
H2O2 aqueous solution, and self-propelled locomotion was
recorded by a high-speed camera (up to 200 frames/s)
attached to an optical microscope.
2.4. Fabrication and characterization of optical resonator

In order to fabricate microtubular optical resonator, 10 nm
SiO and 20 nm Y2O3 were deposited by e-beam evaporator
sequentially. Pyrolysis process of the polymer results in the
rolling of Y2O3/SiO nanomembrane (i.e., microtubular
resonator). Optical property of the resonator was characterized by a Raman spectrometer (LabRAM HR Evolution,
Horiba Jobin Yvon) at room temperature with a 532 nm laser.

3. Results and discussion
Figure 1(a) illustrates the schematic of the self-rolling process. The as-deposited sample consists of prestrained nanomembranes, PAMS layer (serving as sacriﬁcial layer), and a
silicon substrate from top to bottom. The nanomembrane was
ﬁrstly deposited on the surface of the PAMS layer, and its
geometry was deﬁned via covering a shadow mask during
e-beam evaporation. Upon heating to high temperature, long
PAMS polymer chain was cleaved into gaseous monomer
without residue [50, 51]. A possible chain-radical reaction
during degradation of PAMS is presented in ﬁgure 1(b).
The pyrolysis process by chain-radical reaction results in the
formation of monomer α-methylstyrene, which leads to the
release of the upper nanomembrane. The internal strain of
nanomembrane causes the rolling behavior, resulting in the
formation of rolled-up tubular microstructure (ﬁgure 1(a)).
Figure 1(c) presents a set of rolled-up microstructures
obtained via the pyrolysis of the sacriﬁcial layer. Here,
microtubular structures consisting of Ge, Y2O3/ZrO2, Ti/Cr/
Pt, and Ti/Fe are demonstrated, proving the versatility in
materials of the current approach. Furthermore, the geometry
of the rolled-up structures can be altered with a shadow mask
design. Figure 1(d) shows three different rolled-up structures
generated from nanomembranes with different patterns. One
can see that the rolled-up microtube with blunt ends was

2. Experimental section
2.1. Deposition of sacrificial layer and nanomembranes

PAMS with molecular weight (Mw) of 270 kDa, 470 kDa,
1200 kDa, and 1400 kDa were synthesized as described in
previous references [48, 49], and obtained white powder was
dispersed in toluene solvent. Then, PAMS solution (0.1 g l−1)
was spin-coated on silicon substrate to fabricate PAMS
sacriﬁcial layer (ﬁgure S1 is available online at stacks.iop.
org/NANO/30/354001/mmedia). The thick of the PAMS
layer is determined to be ∼200 nm (ﬁgure S2). In order to
construct strained nanomembranes, active materials with
various thicknesses and layered structures were deposited by
e-beam evaporation under high vacuum (<10−4 Pa). Shadow
masks were used to pattern the deposited nanomembranes
(ﬁgure S1).
2
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Figure 1. Rolled-up nanotechnology based on the pyrolysis process of PAMS. (a) Schematic illustration of the rolling of nanomembrane on a
thermal degradable polymer. (b) Possible chain-radical reaction of PAMS. (c) Optical images of rolled-up microtubes made of Ge, Y2O3/
ZrO2, Ti/Cr/Pt, and Ti/Fe nanomembranes. (d) SEM images of rolled-up structures with different geometries: a microtube with blunt ends
(left), a microtube with sharp ends (middle), and a microspring (right). Dashed lines in the left and middle panels indicate the shapes of
original nanomembranes. (e) SEM image of an array of rolled-up SiO/Cr microtubes.

ordered manner. In a typical image shown in ﬁgure 1(e), all
the rolled-up microtubes in the array are well aligned along
the same direction. In addition, although the current approach
is not entirely compatible with conventional photolithography
technology, our preliminary experimental results still
demonstrated the possibility of patterning the nanomembrane
on PAMS layer by a lithography step (see ﬁgure S3).
The molecular weight of the polymer should affect its
pyrolysis temperature, as PAMS with high molecular weight

fabricated from circular nanomembrane (left panel of
ﬁgure 1(d)). However, if the pattern was designed as an
irregular diamond shape (middle panel of ﬁgure 1(d)),
nanomembrane rolls from the long side, producing microtube
with sharp ends. The right panel of ﬁgure 1(d) demonstrates
that microspring can be fabricated if a misaligned angle exists
between the rolling direction and the orientation of the stripeshaped nanomembrane. We also demonstrate the ability of
this approach in fabricated rolled-up structures in a highly
3
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Figure 2. The TG and DSC curves of PAMS with Mw of (a) 270 kDa, (b) 470 kDa, (c) 1200 kDa, and (d) 1400 kDa. The insets show

corresponding optical images of the SiO/Cr nanomembranes on PAMS layers before and after high temperature treatment at 300 °C
for 5 min.

has low activation energy of decomposition [52]. Here, we
also investigated the inﬂuence of molecular weight-related
pyrolysis temperature on the self-rolling process. The thermogravimetry (TG) and differential scanning calorimetry
(DSC) curves of PAMS with different molecular weights are
shown in ﬁgure 2. TG curve presents change in mass with
increasing temperature and DSC curve shows enthalpy
change as a function of temperature. Endothermic peaks
at 321, 320, 310, and 283 °C can be noticed on DSC curves
of PAMS with Mw of 270 kDa, 470 kDa, 1200 kDa, and
1400 kDa, respectively, and obvious mass loss is observed in
all TG curves. The heat absorption and mass loss demonstrated are mainly caused by radical reactions in ﬁgure 1(b).
Besides, the pyrolysis of PAMS layers were further investigated by an optical method. In the experiment, PAMS layers
were spin-coated on the quartz plates and placed on heating
stage at 300 °C for 1 min. The experimental results in ﬁgure
S4 in the supporting information show that the absorbance of
PAMS with Mw=1400 kDa is almost zero after heating,
indicating that thermal degradation of PAMS with Mw=
1400 kDa occurs at 300 °C or below. We then checked the
rolling behavior of nanomembranes on the PAMS layer.
Rectangular patterned nanomembranes were deposited on the
surfaces of PAMS layers with different Mw and the samples
were then heated to 300 °C for 5 min. The experimental
results are illustrated in the insets of ﬁgure 2, which also
indicates that only PAMS with Mw=1400 kDa can be
degraded completely and microtubular structure is formed
(insets in ﬁgure 2(d)). In contrast, PAMS with lower Mw (i.e.,
270 kDa, 470 kDa, and 1200 kDa) cannot be sufﬁciently
degraded, and no rolling process can be observed. However,
the softening of PAMS layers and corresponding volume

expansion lead to deformation and distortion of the upper
nanomembranes (insets in ﬁgures 2(a)–(c)). As the temperature raised up to more than 300 °C, these PAMS layers could
also get enough energy to pyrolysis into the gases monomer,
and the above prestrained nanomembranes rolled up into
different structures (ﬁgure S5). In the following discussion
about rolled-up microtubular structures, only PAMS with
Mw=1400 kDa was used as the sacriﬁcial layer.
In order to clarify the rolling process in detail, dynamic
process of PAMS pyrolysis and rolling behavior during
heating were also analyzed. Optical image of an array of SiO/
Cr bilayer nanomembranes (85×45 μm2) was captured and
is shown in ﬁgure 3(a-I), and the changes in this array during
heating process was studied. When the temperature is below
the pyrolysis temperature of PAMS, no obvious change was
noticed. When the temperature reaches pyrolysis temperature
of PAMS, PAMS begins to degrade and cracks appear at the
edge of the nanomembranes as depicted by the yellow arrows
in ﬁgure 3(a-II). An interesting phenomenon is that the difference in degradation speed caused by temperature distribution leads to a crack generating at different times. After
the crack forms, as degradation continues, the nanomembrane
begin to roll and ﬁnally forms microtubes as shown in
ﬁgure 3(a-III) (also see supporting movie S1). The timedependent evolution of the above process is summarized in
ﬁgure 3(b) for further investigation. Here, we focus on two
parameters. The ﬁrst one is the time when crack appears
around the nanomembrane. The starting point t=0 corresponds to the initiation of the ﬁrst crack of the array, which
locates around the lower-left nanomembrane (position: (1, 1)).
The second parameter is the time difference between the crack
initiation and the time when nanomembrane starts to roll. The
4
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Figure 3. Time evolution of rolling process. (a) Optical microscopy image of the sample before and after the rolling process. The

nanomembranes are SiO/Cr bilayer with the size of 85×45 μm2. (b) The crack initiation (red bars) and the time difference between
the crack initiation and the beginning of rolling (blue bars) for the nanomembrane array.

results in ﬁgure 3(b) reﬂect that an obvious difference in
cracking and rolling processes for each nanomembrane exists.
The cracks form fast in the lower-left region, and with
increasing x and y, the formation of cracks is slower. For
example, it is obvious that the crack initiation at position B (2,
3) lags behind that at position A (1, 2) for a few seconds. The
shorter red bar for the generation of crack indicates higher
temperature. The difference suggests the existence of temperature distribution on the surface of the sample. According to
these results, a temperature gradient and corresponding thermal ﬂow from lower-left corner to upper-right corner should
exist in this sample. However, one can see that higher
temperature does not guarantee that the nanomembrane starts
to roll earlier (see blue bars in ﬁgure 3(b)). This phenonmenon will be discussed in the following paragraph.
Previous theoretical and experiment investigations show
that preferential rolling direction depends on the aspect ratio
of rectangular patterned nanomembrane [53]. However, in our
present experiment, different rolling behaviors can be
observed and are ascribed to the difference in crack generation, which determines the beginning of the rolling. In addition, the rolling direction does not depend on the aspect ratio
only. We distinguish two general types of rolling behaviors:
mixed side rolling (ﬁgure 4(a-I)) and mainly single long side
rolling (ﬁgure 4(a-II)). When there are two or more cracks
form around the nanomembrane (see Supporting Movies S2
and S4), the situation becomes complicated. Figure 4(a-I)
shows the snapshots of rolling processes of nanomembranes
with four cracks (panel 1) and two cracks (panel 2). In such
cases, the nanomembranes are released from multiple directions simultaneously, and a competition between long side
rolling and short side rolling can be observed. This may cause

the rolling along diagonal direction, which is called as mixed
rolling (ﬁgure 4(a-I)). We also found that the competition of
the rolling along the two directions may take some time and
thus the deterministic rolling behavior starts a little bit late, as
shown in ﬁgure 3(b). On the other hand, as the crack forms
only at long side, the nanomembrane is released therein and a
rolling direction almost perpendicular to the long side is
observed (ﬁgure 4(a-II)). The dynamics of this rolling process
is further demonstrated in ﬁgure 4(b) as the captures from
Supporting Movie S4. At 1 s after the beginning of rolling,
the long side of the rectangular nanomembrane continues to
roll. However, the release of the long side may not be
simultaneous. The left part is still ﬁxed, which leads to different rolling behaviors at different locations, as can be seen
at 5.3 s in ﬁgure 4(b). At 6.3 s, the rolling process becomes
the same for both the left and right parts. At 7 s, the left and
right parts, again, demonstrate different rolling speeds, due to
the inﬂuence from the ﬁxed left short side. Finally, a complete
rolled-up microtube is observed at 12 s.
As discussed above, the rolling direction is not just
inﬂuenced by the aspect ratio of the patterned nanomembrane.
The temperature gradient and corresponding thermal ﬂow
determine the crack formation and therefore affect the rolling
direction signiﬁcantly. This is meaningful if the rolled-up
microspring is desired as the geometry of the microscpring
can be controlled by altering the misaligned angle (α)
between the rolling direction and the orientation of the stripe
[54]. In present work, we fabricated microsprings with different geometries by changing α intentionally between 20° to
60°, and the results are demonstrated in ﬁgure 5(a). Since the
geometrical parameters like diameter D, pitch p, and the
helicity angle θ are related by p=πD tan θ (see the diagram
5
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Figure 4. Rolling behavior of the rectangle-patterned SiO/Cr nanomembranes. (a) Schematic of two types of rolling behaviors: (I) mixed

rolling and (II) single long side rolling. The corresponding optical images of the rolled-up structures are demonstrated. (b) Time evolution of
long side rolling process. The scale bars is 20 μm.

in ﬁgure 5(a)), we therefore focus on the change of θ. The
values of θ in ﬁgure 5(a) are obtained based on the statistics of
several obtained microsprings. The calculated average θ
values are 23°, 32°, 52°, and 63° corresponds to α of 20°,
30°, 50°, and 60°, respectively. One can see from ﬁgure 5(a)
that θ always equals to α with small experimental uncertainty,
which is consistent with the diagram in ﬁgure 5(a). Moreover,
the diameter of the microspring is also an important geometrical parameter, and we noticed that the diameter could be
tuned by changing the thickness of the nanomembrane.
Figure 5(b) exhibits four typical microsprings fabricated by
rolling SiO/Cr bilayer stripes. The diameters of (I)∼8 μm,
(II) ∼20 μm, (III) ∼25 μm, and (IV) ∼30 μm corresponds to
stripe thicknesses of (I) 50/50 nm, (II) 58/58 nm, (III)
60/60 nm and (IV) 63/63 nm respectively. The results in
ﬁgure 5 prove the deterministic rolling behavior and good
controllability of the current approach.
Here, we hope to go deeper into the diameter control of
the rolled-up structure. In general, self-rolling behavior is
determined by strain gradient and elastic parameters of the
nanomembrane [32, 33]. For instance, the expansion of the
bottom layer upon release should cause a bilayer nanomembrane bending upwards, as schematically shown in the insets
of ﬁgure 6. Practically, the diameter of the microtubular
structure is determined by the strain status and the thickness
of the nanomembrane [55, 56]. Previous investigation
demonstrated that the diameter D can be theoretically predicted based on the Timoshenko formula [55, 56]:

Figure 5. (a) Helicity angle of the microspring (θ) as the function of

the misaligned angle (α) between the rolling direction and the
orientation of the stripe-shaped nanomembrane. The inset illustrates
the relation between pitch p, diameter D, misaligned angle α, and
helicity angle θ. (b) SEM images of microsprings made from SiO/Cr
bilayer stripes with different thicknesses: (I) 50/50 nm, (II) 58/58
nm, (III) 60/60 nm, and (IV) 63/63 nm.

3E ¢1E ¢2 d1 d 2 (d1 + d 2)(h1 e10 - h 2 e02)
1
=
4
D
(E1¢ ) 2d1 + (E 2¢ ) 2d 24 + 2E1¢ E 2¢ d1 d 2 (2d12 + 2d 22 + 3d1 d 2)

(1 )
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Figure 6. Diameter of the tubular structure as function of strain difference and nanomembrane thickness. (a) The blue and red cubes are

experimental results, and the solid lines are calculated results with different strain gradients. The upper-left inset shows the initial strain status
of upper (1) and lower (2) layers, which causes rolling of the nanomembrane (lower-right inset). The lower-right inset schematically shows a
rolled-up bilayer nanomembrane. (b) Calculated diameter as the function of the SiO bilayer nanomembrane thickness and initial strain
difference.

where di is the thickness, ei0 is the initial strain in each layer,
E′=E/(1−v2), and η=1+v (E and v are Young’ s
modulus and Poisson’ s ratio, respectively). Subscripts i=1
or 2 in the equation refer to the upper and lower layers,
respectively. In our present work, as the two layers are made
of same material, it is reasonable to set the elastic parameters
of two layers as the same. So the diameter D of the rolled-up
tubular structure is expressed as [57]:
D=

(d1 + d2 )3
3Ded1d2

thicker nanomembrane with enhanced rigidity also causes a
bigger diameter.
Finally, we present two examples to demonstrate the
broad range of potential applications of current technology.
Tubular catalytic microengines working with a bubblepropelling mechanism are one of the promising design [23],
and rolled-up nanotechnology is commonly used to incorporate the catalyst layer into tube wall due to experimental
convenience [58, 59]. In present work, we fabricated rolledup SiO/Cr/Pt nanomembrane and engaged the obtained
tubular structure as the catalytic microengine. The inner surface of the wall is Pt layer which can accelerate the decomposition of H2O2 into O2. When O2 microbubbles are
expelled from the large end of the microtube, corresponding
counter force pushes the microtube moving forward in
opposite direction [60]. Figure 7(a) is obtained from real-time
video of a typical SiO/Cr/Pt microengine moving in 0.5%
H2O2 solution (supporting movie S5). However, one may
note that the microengine does not move linearly. Due to the
asymmetry of tubular structure, expelling of microbubbles
deviates from the axis of the microtube and spin of the
microengine is demonstrated. The results suggest that the
motion behaviors can be easily tuned by the geometry of
microtubes, which is realizable in rolled-up structures from
nanomembranes with different pre-deﬁned shapes. Investigation in this direction is currently in progress.
Moreover, rolled-up microtube can be used as an optical
resonator due to the interference of the light circulating in the
ring-like cross section. However, in a previous study, the rolled-up tubular micro-resonator was prepared by chemical
etching in liquid, and part of the nanomembrane was connected
with the substrate to ﬁx the resonator [61]. This connection
thus leads to obvious leakage of the light to the substrate [62].
Here, we should stress that our microtubular structures are
produced based on the thermal degradation of PAMS and there
is no connection between the microtube and the substrate. In
such case, the light leakage to the substrate is signiﬁcantly
suppressed. Figure 7(b) shows the photoluminescence spectrum of a typical Y2O3/SiO (20/10 nm) microtubular resonator

(2 )

where Δε=ε1−ε2. The change of the strain in the bilayer
(i.e., ε1 and ε2) was introduced by change the deposition rate
during e-beam evaporation [45]. In our work, rolled-up tubular structures made from SiO and Y2O3 nanomembranes
were studies. For the sake of simplicity, the thicknesses of the
upper and lower layers were chosen to be the same (i.e.,
d1=d2) and the total thickness of the bilayer nanomembrane
was used in the investigation. The diameters of the tubular
structures were measured and are plotted in ﬁgure 6 as a
function the total thickness of bilayer nanomembranes. Blue
and red squares correspond to experimental results from SiO
and Y2O3 nanomembranes respectively. With increasing
thickness from 20 to 120 nm, the diameter of the microtube
increases from 5 to ∼30 μm. Here, we use the formula (2) to
provide an estimation of the tube diameter. In this calculation,
Δε are set as 0.5% and 0.6% as references, and obtained
results are plotted as solid lines in ﬁgure 6(a). Small deviation
may exist between experimental and theoretical results, but
one can still see that SiO nanomembranes demonstrate a Δε
of ∼0.50% while Y2O3 nanomembranes normally possess a
larger Δε of ∼0.6%, possibly due to the difference during
deposition process. Previous investigation demonstrated that
the deposition rate, temperature, and chamber pressure had an
inﬂuence on the strain status of deposited nanomembrane,
which may be slightly different case by case [45]. We further
plotted calculated tube diameter as a function of Δε and
nanomembrane thickness in ﬁgure 6(b). It is clear that the
tube diameter increases with the decrease of Δε. Moreover,
7
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Figure 7. Applications of the rolled-up tubular structure fabricated with PAMS pyrolysis. (a) Selected video snapshots of a moving

microengine with circular trajectory. (b) Photoluminescence spectrum of Y2O3/SiO microtube excited by 532 nm laser and the inset is
optical image of the tested Y2O3/SiO mictotubular resonator. The position of the measured spot is marked. The red circles are effective
refractive index obtained from the spectrum.

(the inset of ﬁgure 7(b)). Here, the effective refractive index neff
of the tube wall can be calculated by using the following
equation [61]:
neff =

lm 2
DlL

The release of the nanomembrane is also found to signiﬁcantly inﬂuence the rolling behavior in terms of the rolling
direction. We also explore the application potentials of the
fabricated tubular structures in the ﬁelds of the microengine
and optical micro-resonator. More applications from sophisticated 3D structures by rolling nanomembranes with predeﬁned patterns in a ‘dry’ way can be expected in the future.

(3 )

where L is the circumference of the ring cross section (i.e., a
circle) which equals to πD, λm is the resonance wavelength,
Δλ is space between the adjacent resonant peaks. The calculated neff is plotted in ﬁgure 7(b) as red circles. For Y2O3/SiO
bilayer with thicknesses of 20 and 10 nm, respectively, the
average refractive index n can be calculated by using the
equation [34]:
n =

d1n1 + d2 n2
d1 + d2
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