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Self-Rolling of Oxide Nanomembranes and Resonance
Coupling in Tubular Optical Microcavity

Xianyun Lin, Yangfu Fang, Lingjia Zhu, Jing Zhang, Gaoshan Huang, Jiao Wang,

and Yongfeng Mei*

Nanomembrane self-rolling offers the manufacture flexibility of 3D
architectures for various applications in photonics, robotics, electronics,

etc. Rolled-up oxide microtubes fabricated by both wet chemical etching

and dry-releasing methods enable a broad range tuning of diameters (from

1 to 15 pm) and therefore same to their optical whispering gallery modes
(WGMs). Their thin walls (several tens of nanometers) of such tubular
optical microcavities provide strongly on-resonance coupling of attached dye
emitters to optical modes, which leads to a cavity enhancement for Raman
scattering without importing noble metal. Rolled-up thin-walled oxide tubular
microcavity delivers a new optical component for light coupling and may
imply interesting applications in the interaction between light and matter.

1. Introduction

Optical whispering gallery modes (WGMs)2 microcavities
have attracted considerable research attention due to their
extensive potential applications in, e.g., photonics and inte-
grated optics.>* Tubular optical microcavity with WGMs offers
unique capability of on-chip integration®! and fluidic han-
dling for analysis®!1 besides excellent characteristic of optical
microcavity.l'#13 Rolled-up nanotechnology employs a conven-
tional top-down approach together with a self-rolling process
and constructs prestressed nanomembranes with arbitrary
shapes and various materials into a tubular geometry upon
strain releasing.>571% Since the wall of rolled-up tubular
optical cavities is thinner than the light resonance wavelength,
its evanescent field can ensure an efficient coupling between
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the external emitters!' or analytes/®%11
and the resonant modes, which suggests
application potential in liquid refractome-
ters for bioanalytical systems!'” or optoflu-
idic microlasers.'® The field distribution
along the radial direction of microtubes
reveals the evanescent regime outside
of the tube wall and the nonevanescent
regime inside the wall.'”'8] The coupling
of external objects into the evanescent
regime outside of optical microcavity can
lead to interesting properties or applica-
tions like single nanoparticle detection!!’]
or strong nitrogen vacancy (NV) centers
emission in diamond.?% Furthermore, a
strong coupling of absorbed light-active
materials in the nonevanescent regime can deliver improved
surface or absorption sensing performance.l'”2!l Here, we dem-
onstrate that dye molecules are well absorbed in the oxide tube
walls (the nonevanescent regime) for enhanced coupling effect,
e.g., photoluminescence and Raman scattering. Such oxide
microtubes are self-rolled-up from oxide nanomembranes with
various materials under wet chemical or dry etching methods
for a broad range tuning of diameters ranging from submi-
crometer and several tens of micrometers, where the micro-
tubes with small diameters support WGM resonance as those
with big diameters. The dye molecules (Rhodamine 6G, R6G)
introduced into the microtube wall are coupled into WGM reso-
nance, which are characterized by means of microphotolumi-
nescence (p-PL) and Raman measurements. Such dye-decorated
hybrid system may enable tubular optical microcavities as a
new type platform for optofluidic sensing and lasing.

2. Results and Discussions

2.1. Fabrication and Characterization

Rolling up of a nanomembrane involves two steps as shown
in Figure 1a: (i) a sacrificial layer (blue color) and a pre-
stressed functional layer (red) deposited onto a substrate (gray)
and (ii) selective removal of the sacrificial layer and release
(rolling) of the functional layer. In order to fabricate oxide
microtubes with a broad range of diameters, both wet chem-
ical and dry etching methods are adopted in our work. In the
wet chemical etching method, a polymer photoresist layer
(ARP-3510 from Allresist GmbH) is used and undercut by
acetone.’! In the dry etching method, another polymer layer
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Figure 1. a) Schematic diagram of a rolling-up process with under-etching of a sacrificial layer
(blue). b,c) SEM and d-g) optical images of rolled-up oxide microtubes in diverse diameters
(D) made out of bilayers: b) SiO,/TiO,, D = 1.3 pm; ¢) SiO/SiO,, D = 1.7 pm; d) SiO/SiO,,
D =6.2 pm; e) SiO/SiO,, D=9.2 ym; f) SiO/SiO,, D =11.6 pm; g) Y,03/ZrO, D =12.7 pm.

(Polymetylmethacrylate, PMMA) is used and removed by the
thermal burning.?? Figure 1b-g shows the images of rolled-
up oxide microtubes: (b) SiO,/TiO,, (c) SiO/TiO,, (d) SiO/SiO,,
(e) SiO/Si0,, (f) SiO/Si0,, (g) Y;,03/Zr0,, with different diam-
eters (1.1, 1.7, 2.7, 5.8, 9.3, 11.7 um, respectively). The sequence
of layers means the first deposition layer and the second depo-
sition layer, which can enhance the strain gradient for rolling.”]
Figure 1b,c shows scanning electron microscope (SEM) images
of rolled-up microtubes with diameters below 5 pm, which are
fabricated by the dry etching method (see the Experimental
Section). The diameter of microtubes produced by these two
methods can be well-tuned by adjusting deposition param-
eters such as the wall thickness and the deposition rates of the
function layers as reported previously.”??l The other micro-
tubes with diameters above 5 pm in Figure 1 are obtained by
wet-chemical-etching method (see the Experimental Section).
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It should be mentioned that the microtubes
with diameters below 5 pm can also be fabri-
cated by wet chemical etching method when
the prestressed layer is very thin and down
to several nanometers, which thus could not
support the optical resonance. However in
our experiments, the rolled-up microtubes
with thick walls exhibit the WGM resonance
modes as described below (see details in
Part 2 of the Supporting Information).

(d)

2.2. Resonance Modes
2.2.1. Quality Factors

Figure 2 shows the p-PL spectra of oxide
microtubular microcavities made out of
(a) SiO,/TiO,, (b) SiO/TiO, (c) SiO/TiO,,
(d) SiO/Si0,, (e) Y,05/Zr0,, (f) Y,05/Zr0,,
with corresponding diameters (1.1, 1.7, 2.7,
5.8, 9.3, 11.7 um, respectively) and Q-factors
(8, 43, 432, 341, 627, 932, respectively), and
the variation trend of the mode peaks can be
directly identified with assistant of calcula-
tions. With increasing diameters, the spacing
of adjacent modes (free spectral range) gets
closer. In all these spectra, the observed
broad emission band can be assigned to
defect-related emission centers (see details in
Part 5 of the Supporting Information),/-2324]
while the spectra modulation is ascribed to
the WGMs in such tubular optical micro-
cavity. Interestingly, a primary resonant
peak is accompanied by several subordinate
peaks as shown in Figure 3c,e. The spectrum
in (c) can be ascribed to the 3D confine-
ment® and one in (e) is clarified as different
polarization modes, i.e., TE (transverse elec-
tric, the electric field E parallel to the tube
axis) modes.”?! The details can be found in
Part 1 of the Supporting Information). Also,
the Q-factors of these microtubes are not in
a certain discipline mainly due to different wall thicknesses
and effective indices.l?! If the effective index constant keeps the
same for certain microtubes, when increasing the tube diam-
eter, their quality factors (Q-factor) increase as well due to the
wall thickness increases,’?l which can be well explained by the
theoretical calculation.

Mie scattering theory is adopted as a calculation method
for Q-factors in tubular optical microcavities.?l We fit the PL
spectrum for an outer diameter of 5.8 pm in order to check the
consistency between the experimental data and the theoretical
simulations (see details in Part 3 of the Supporting Informa-
tion). Figure 3a shows the calculated resonance spectra of a
tubular optical microcavity with diameter of 5.8 ym when
changing the wall thickness from 50 to 60 nm. Their Q-factors
vary with the wall thickness as well as their resonance wave-
lengths. Q-factors are extracted from the spectra in Figure 3a
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T background, and the average dielectric con-
stant & of the film equal to nk). To give a
clear explanation on the relationship between
the tube geometries and n.g, we fit the curves
in Figure 4a based on the experimental data
in Figure 2a—f and thus get the specific ngg

of each microtube. As shown in Figure 4a,
for a certain diameter, the n.g increases with
the wall thickness. When the wall thick-
ness is thick enough, its impact on n.g gets
weak, and thus the curve changes gently.

Intensity (a.u.)

P Therefore the n.g is changing slightly for all

. D=9.3um’

tubes described in Figure 2a—f as shown in
Figure 4a, from which we can calculate the
mode spacing to fit the experimental data
(black spheres in Figure 4).

Equation (1) indicates that the mode spacing
AE is inversely proportional to D-n.g of the

600 650 700 750

Wavelength (nm)

600 650

Figure 2. PL spectra from microtubes with different diameters made out of a) SiO,/TiO,,
D = 1.1 uym; b) SiO/TiO,, D = 1.7 pm; c) SiO/TiO,, D = 2.7 um; d) SiO/SiO,, D = 5.8 pm;
e) Y,03/ZrO,, D = 9.3 pm; f) Y,0;3/ZrO,, D = 11.7 pum, which are corresponding to panels

(b)-(g) in Figure 1.

and plotted in Figure 3b. It is obvious that Q-factors decrease
rapidly with increased wavelengths since the tube wall thick-
nesses relatively decrease if the resonance wavelengths
increase. As the tube wall is too thin to confine the light with
attenuated total reflection, a small increment of the tube wall
thickness (equivalent to the wavelength decrement) causes a
drastic enhancement of Q-factors. These calculated results on
relationship between Q-factors and wall thickness of tubular
microcavities consistent with the experimentally results of our
previous report.[?’]

2.2.2. Mode Spacing

The WGM resonance condition in tubular microcavities with
tunable diameters is 27Rn.g = mA, where R is the average
radius of the microtube, A is the resonant wavelength, n.gy is
the effective refractive index of the wall and m is the azimuthal
number. Thus, the mode spacing energy (or free spectral range)
can be described as!?®)

_he 1
7T Dn.g

AE

1)

Based on the planar waveguide model, we can calculate the
effective refractive index as the function of the thickness/diam-
eter of six microtubes from their geometries (radius/thickness)
and bulk refractive indices. The propagation constants f in a
flat waveguide satisfyl?’]

2t—(1-t")tan(g:A)=0 (2)

where t=qy/q¢ for TE modes, qi = 8° — €k, qf = ks — B, ko = 2m/A
(A is the wavelength in vacuum, g, is the dielectric constant of
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tubular oxide microcavities. In Figure 4b, the
six experimental points from Figure 2a—f (black
sphere) demonstrate that AE decreases with
the D-n.g increasing. The experimental data
(black spheres) well agrees with equation (1)
(gray line) as shown in Figure 4 b. Since the
neg varies little, the mode space AE is mainly
determined by the tube diameters. Thus,
the larger diameters introduce the smaller spacing of adjacent
mode peaks. One can see that with increasing D, more optical
modes can be detected from the same spectra range due to the
decrease of AE. If the microtube thickness is thick enough, the
neg becomes closer to the refractive index of the bulk materials.
The resonance wavelengths should be only determined by the
diameter, which then is similar to other WGM microcavities.?82°]

2.3. Resonance Coupling
2.3.1. Photoluminescence

In order to demonstrate the resonance coupling into the
tube wall, R6G molecules were introduced onto the wall of
the rolled-up microtube as shown in Figure 5a. To avoid the
damage from treatments, rolled-up oxide microtube was rein-
forced with 30 nm thick Al,O5 coating by atomic layer deposi-
tion (ALD) method. Then, the poly(diallyldimethylammonium
chloride) (PDDA)/inpoly(acrylic acid) (PAA) bilayer incorpo-
rated with Rhodamine 6G molecules is coated on the wall of
the self-rolled microtube by layer by layer (LBL) coating.?% The
details are described in the Experimental Section. The inset in
Figure 5b schematically depicts the multilayer structure of the
tube wall after Al,O; coating and LBL coating. The optical prop-
erties of these oxide tubular microcavities were characterized
by p-PL spectroscopy at room temperature with an excitation
line at 532 nm. The spectra of both as-fabricated and R6G-
incorporated tubular microcavities are shown in Figure 5b.
The as-fabricated one is noted as Y,03/ZrO, and the R6G-
incorporated one is noted as PAA/ Y,03/ZrO,. All the modes
are marked by their azimuthal mode number m with careful
calculation and assignment. PL Measurements on the original

Adv. Optical Mater. 2016, 4, 936-942
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Figure 3. a) Theoretical PL spectra of microtubes with different wall
thickness from 50 to 60 nm. The outer diameter is fixed at 5.8 pm and
refractive index is 2. b) Theoretical Q-factors extracted from a).

Y,03/Zr0, microtube reveal the defect-related emission centers
of the tube itself at =670 nm and the typical mode sequences of
the specific Y,03/ZrO, microtube are as observed in previous
experiments.!l After LBL coating, a broad emission peak with
a blue shift below 600 nm is found and close to the intrinsic
emission peak of the dye emitter R6G at around 550 nm since
the excitation line at 532 nm is used. The superposition and the
shift of optical modes on the broad emission peaks of the coated
microtube clearly demonstrate the effective coupling of the dye
emitters (see the details in Part 6 of the Supporting Information).
Interestingly, the Q-factors can be even enhanced under the cou-
pling condition due to the increasing wall thickness after LBL
coating. The Q-factor of tubular microcavity (m = 84, A = 665 nm)
before and after LBL coating is 306 and 631, respectively. There-
fore, we may incorporate interesting luminescent materials into
the tubular microcavity via the coupling in the nonevanescent
regimes.

2.3.2. Raman Scattering
Besides the incorporation of dye in the tube wall, the molecular

absorption on the surface can enable the resonance working
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Figure 4. a) The effective refractive index nes as a function of the thick-
ness/diameter. The black spheres present the data from the tubular oxide
microcavities with different diameter in Figures 1 and 2. The solid lines
are the fitting curves based on the experimental data points. b) The mode
spacing (free spectral range) AE of each PL spectrum as a function of
D-neg, where D is taken from the experimental data and rg is from panel
(a). The black spheres present the experimental data points and the gray
line is from Equation (1).

in the nonevanescent regimes as well, which can serve for
cavity enhanced Raman scattering if the WGM resonances
occur at the range of the incident excitation wavelength and
the Raman shifted Stokes wavelengths.323*l We demonstrate
rolled-up tubular SiO/TiO, microtubes as optical microcavity
for enhanced Raman scattering. The rolled-up tubular SiO/TiO,
microtubes with diameter of 1.7 ym are coated with 20 nm
Al,O3, and afterward, R6G solution was dropped onto the ALD-
coated SiO/TiO, tubular microcavity as well as the flat SiO/TiO,
bilayer film. The Raman measurement was conducted after
the samples are dried in the air by using an excitation wave-
length of 514 nm. The dye molecules can be well absorbed
into the tube wall since the deposited films are always rough
and even with tiny holes. Figure 6a shows the corresponding
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Figure 5. a) Sketch of a rolled-up tubular microcavity incorporated
with dye emitters, which can be excited by green laser (532 nm) for on-
resonance coupling. b) The PL spectrum collected from the Y,0;/ZrO,
tubular microcavity with 30 nm Al,O3; ALD coating under a laser excita-
tion wavelength 532 nm. The inset is a schematic diagram of the cross-
sectional view of the microtube wall after Al,O; coating and LBL coating
with the dye. The modes are marked by their azimuthal mode number m.
The black line and the red line respectively show the PL spectrum of the
Y,03/ZrO, microtube without and with LBL-coated dye emitters.

Raman spectra with different R6G solution concentrations.
The black line indicates the Raman spectrum of the SiO/TiO,
bilayer film with 1072 mol L™ R6G solution. Repeated experi-
ments revealed that the Raman scattering peaks could not be
detected on the bilayer film when the solution concentration is
below 1072 mol L' and the lines are almost the same with the
black one. However, significantly enhanced Raman spectra are
observed from the tubular structure in 102 mol L™ R6G solu-
tion and below. Figure 6a demonstrates the correlation between
the effect of enhanced Raman scattering and the concentra-
tion of the R6G solution, which is a positive correlation since
the higher concentration, the higher enhancement and the
enhancement factor can approach the order of more than 102,
WGMs in microcavities can lead to a dramatically enhance-
ment of the local electromagnetic field around the thin walls of
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Figure 6. a) Raman spectra collected from tubular microcavity rolled
from a prestressed SiO/TiO, bilayer nanomembrane with =20 nm Al,O;
ALD-coating under the excitation wavelength of 514 nm. The black line
shows the Raman spectrum of the original SiO/TiO, nanomembrane
with R6G solution (1072 to 10 mol L', M refers to mol L) and the
other color lines depict the SiO/TiO, microtube with R6G solution of dif-
ferent concentration. b) The electric filed of the microtube as a function
of wavelengths. The inset shows calculated on-resonance field profiles
(azimuthal mode number, m =15) with a 514 nm excitation line in tubular
microcavity with 1.7 pm diameter.

microtubes. Mie scattering method was applied to calculate the
electric field enhancement of the WGMs in the rolled-up micro-
tube. The inset of Figure 6b depicts the average electric field
intensity at the excitation laser wavelength in a tubular optical
microcavity with the diameter of 1.7 ym, where the azimuthal
mode number of optical resonance is 15 under TM modes
(TM: transverse magnetic, the electric field E perpendicular to
the tube axis). The electric filed is calculated by Mie scattering
theory, which shows that resonance modes are confined in the
tube wall.l?%l Taking the microtube with the diameter of 1.7 pm

Adv. Optical Mater. 2016, 4, 936-942
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and an average refractive index of 1.95, the calculated maximum
field strength in the tube is 4.55 V m™, thus the enhancement
factor of Raman intensities approach the order of 10? when it
is illuminated by a plane wave of 1 V m™ at 514 nm, which is
shown in Figure 6b. The experimental Q-factors in our micro-
tubes are always smaller than the calculated values. It means
the resonance peak at 514 nm can be slightly broad and thus
cover the incident excitation wavelength and/or the Raman
shifted Stokes wavelength.*l Different from the normal WGM
sensing based on resonance shift or FSR change,*! our results
indicate that oxide tubular microcavities can be used to enhance
Raman signal detection with the coupling of the dye molecules
into the nonevanescent regimes, which may suggest interesting
coupling with optical microcavities for applications in detection
and lasing.[1>1¢]

3. Conclusion

Self-rolling of oxide nanomembranes into tubular structures
allows a cheap and convenient way to fabricate transparent
tubular optical microcavities with a broad range of diameters,
which therefore offer flexible tuning of the resonance modes. The
efficient coupling of dye emitters at the nonevanescent-regimes
of optical resonance in rolled-up oxide tubular microcavities are
proved by photoluminescence measurement and Raman scat-
tering. The latter can be also enhanced more than 10? times due to
the on-resonance of the excitation wavelength and/or the Raman
shifted Stokes wavelengths. Our approach suggests that rolled-up
tubular optical microcavity can be an interesting optical platform
to explore the coupling between resonance modes and matters,
such as 2D materialsi®® or high fluorescence materials.*’!

4. Experimental Section

Microtube Fabrication: Wet chemicall’l and dry etching methods[?2 were
used for the fabrication of rolled-up microtubes with various diameters.
For wet chemical etching method, the formation process started with
spin-coating of a uniform =2 pm thick ARP-3510 photoresist (Allresist
GmbH) layer on Si wafer, which was defined into circles with various
sizes by photolithography and served as a sacrificial layer in the following
rolling process. The strained oxide bilayer nanomembranes were
deposited by e-beam evaporation with glancing angle (the angle is 60°),
which can guarantee the tubes attached on substrates./l Acetone was
applied to selectively remove the photoresist layer and release (roll up)
the functional oxide bilayer. The intrinsic stress gradient enabled the
bilayered nanomembrane self-rolled up into a tubular microcavity. The
rolled-up oxide microtubes were then dried in the critical point dryer
(Leica CPD 030) by using liquid CO, as an inter-media to avoid the
collapse of the tubular structures.

By contrast, the dry-releasing method is supposed to roll up
nanomembranes into tubular microcavities by burning of a sacrificial
layer. Polymetylmethacrylate (PMMA, 5 wt% in acetone) was firstly
spin-coated on silicon substrate as a sacrificial layer, and an oxide
bilayer nanomembrane were deposited subsequently by electron beam
evaporation onto the PMMA layer. Rapid thermal annealing (ULVAC,
ACS-4000-C4) was conducted afterward to release the prestrained
oxide nanomembrane. The annealing temperature was set at 600 °C
and the annealing time was 40 s. Therefore, the oxide nanomembrane
released from the sacrificial layer due to the burning-up of PMMA during
annealing and rolled up into a tubular structure with a diameter of below
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2 pm. Consequently, as-prepared rolled-up microtubes with tunable
diameters can be achieved by controlling the nanomembrane thickness
and the deposition parameters.

Layer-by-Layer Coating: The molecule R6G was chosen as a dye
emitter to be introduced into the wall of the self-rolled tubular
microcavity. These R6G molecules dispersed into poly-acrylic-acid
(PAA) polymer were coated onto the microtube wall by layer-by-layer
(LBL) coating.’% In order to prevent the Y,03;/ZrO, microtube from
sticking on substrates and collapse by themselves due to the liquids
inside the tubes while LBL coating, 30 nm Al,O; coating were firstly
deposited by ALD to increase the wall thickness and be able to sustain
the repeated liquid washing of the LBL coating solution. LBL coating
was based on developing hierarchical micro/nanostructured surfaces
by the alternating deposition of the polycation at high pH and the
polyanion at low pH, thus provided a simple and versatile tool for
constructing ultrathin films with functionalities. The microtube sample
was immersed into poly-diallyldimethylammonium chloride (PDDA,
200 000, 20 wt%, Aldrich) for 15 min pretreatment to get a polycation
layer and then washed it in deionized water (DI water) for four times
(1 min at each turn). Then, the microtube sample was immersed into
PAA (450 000, 1 mg/ml, 10 ml) mixed with 1 mg R6G for 15 min and
washed in DI water for four times (1 min at each turn). The process
was only done once, which was enough for the dye incorporation.
The LBL layer was then thermally cross-linked by annealing process at
130 °C for 2.5 h.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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