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Tubular optical microcavities have been fabricated by releasing prestressed SiO/ SiO2 bilayer
nanomembranes from polymer sacrificial layers, and their geometrical structure is well controlled by
defining the shape of nanomembranes via photolithography. Optical measurements at room
temperature demonstrate that resonant modes of microtubular cavities rolled up from circular shapes
can be tuned in peak energy and relative intensity along the tube axes compared to those from square
patterns. The resonant modes shift to higher energy with decreasing number of tube wall rotations
and thickness, which fits well to finite-difference time-domain simulations. Polarization resolved
measurements of the resonant modes indicate that their polarization axes are parallel to the tube
axis, independent of the polarization of the excitation laser. © 2009 American Institute of Physics.
关DOI: 10.1063/1.3111813兴
In recent years, optical microcavities have gained considerable interest because of their applications in optoelectronics and integrated optics.1,2 Optical microcavities of different materials have been investigated in the forms of
microdisks,3 microspheres,4,5 or micropillars.6 By using a
roll-up mechanism, micro-/nanotubular structures have been
fabricated out of prestressed thin solid films.7–9 Several
works have demonstrated the possibility to employ such
rolled-up microtubes as optical microcavities.9–11 However,
due to distinct properties such as thin tube walls and spiral
cross sections, it is important to further investigate optical
properties of rolled-up tubular microcavities.12 For example,
an exact tailoring of the resonant modes in microcavities has
been demonstrated, which shows light confinement along the
tube axis, induced by a well-defined rolling edge.13 In this
letter, rolled-up microcavity arrays are constructed by releasing prestressed SiO/ SiO2 bilayers on patterned photoresist
layers.14 Photoluminescence 共PL兲 measurements of these tubular microcavities exhibit optical resonant modes, while the
visibility of the modes and peak positions can be tuned by
varying the number of rotations of the tube wall. Good
agreement is found between experimental results and simulations using the finite-difference time-domain 共FDTD兲
method. The tubular microcavities proposed in this work
may find applications in biosensing14,15 and optical frequency combs.16
The formation process of tubular microcavities is schematically displayed in Fig. 1共a兲. Briefly, a uniform ⬃2 m
thick ARP-3510 photoresist 共Allresist GmbH兲 layer on Si
wafer was defined into squares and circles with various sizes
by photolithography. The SiO/ SiO2 bilayer was deposited by
e-beam evaporation employing angled deposition.9,14 Acetone was used to selectively remove the photoresist layer,
releasing the active layer, and the intrinsic stress gradient
existing in the bilayer caused the bilayer to self-assemble
into a tubular microcavity.14 The morphologies of the
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samples were investigated using a combination of scanning
electron microscopy 共SEM兲 共in Zeiss NVision40 workstation兲 and optical microscopy 共Zeiss Axiotech vario兲. The optical properties were characterized by micro-PL spectroscopy
at room temperature with an excitation line at 532 nm
共20 W兲.
Figure 1共b兲 shows optical microscopy images of microtube arrays formed on circular 共left panel兲 and square 共right
panel兲 photoresist patterns. In both cases, the microtubes
共⬃5.5 m in diameter and 60 m in length兲 arrange in a

FIG. 1. 共Color online兲 共a兲 Schematic diagram illustrating the fabrication
process of rolled-up SiO/ SiO2 microtubes. 共b兲 Optical microscope image of
ordered microtube arrays from nanomembranes of different shapes: circles
共left panel兲 and squares 共right panel兲. The inset shows an SEM image of a
microtube from a circular nanomembrane. 共c兲 PL spectrum from the middle
of a microtube rolled up from a circular nanomembrane. Intensities of the
mode 共M = 30兲 and the broad emission band are defined as Im and Ib, respectively. The triangles indicate the mode positions obtained from the FDTD
simulation. 共d兲 Intensity pattern of the electric field for M = 30 mode.
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highly ordered manner and align into the same direction.
This demonstrates that the employed approach enables us to
roll up nanomembranes with different shapes and at the same
time to control the orientations/positions of the microtubes.
The number of rotations of the microtube rolled up from the
circular geometry varies with the distance from the middle of
the tube, thus allowing us to tailor the structure of the
microtube.14 It is worth noting that the SEM image in Fig.
1共b兲 demonstrates a 2 m gap between microtube and substrate, which efficiently suppresses the optical leakage and is
important for optical devices. Figure 1共c兲 displays a PL spectrum from the middle of a microtube. Besides the broad
emission band from the defect centers,17 a modulation of the
PL spectrum is observed. This feature is ascribed to optical
resonant modes, which originate from light of certain wavelengths circulating and interfering constructively in the tube
wall.11,12 To support this interpretation, FDTD simulations
were performed. The refractive indices used in the calculation are obtained from ellipsometry measurements, and the
values are 1.55 and 1.45 for SiO and SiO2 layers, respectively. The triangular symbols in Fig. 1共c兲 represent the mode
positions derived from the simulation, which are in good
agreement with the experiment. In addition, the electric field
intensity pattern of a transverse-magnetic mode at ⬃1.95 eV
共azimuthal number M = 30兲 displayed in Fig. 1共d兲 indicates
that the light indeed circulates in the tube wall and can be
confined there. Nevertheless, the quality factor 共Q = E / ⌬E,
where E and ⌬E are the position and width of the mode
peak, respectively.兲 of these tubular microcavities is only
⬃100, which is ascribed to losses due to the thin tube walls,
absence of confinement along the tube axis, and other imperfections 共roughness/voids兲.11
The intensities and positions of the modes are sensitive
to the structure of the microcavities.10 To quantitatively
evaluate the dependence of mode intensity on structure, a
series of PL spectra were collected along the axes of the
microcavities rolled up from circular nanomembranes, and
the relative intensities 关Im / Ib, see Fig. 1共c兲兴 were calculated,
as displayed in the lower insets of Figs. 2共a兲 and 2共b兲. The
relative intensities reach their maximum at the middle of the
tube, where the number of rotations, and hence wall thickness, is maximum. On the other hand, in the regions near the
ends, the thinner tube walls weaken the light confinement
and modes can no longer be observed. This is not the case in
the microcavities rolled up from square nanomembranes,
where the geometric structure is the same along the tube
axis, so that the relative intensities 关a typical result is displayed as the square in Fig. 2共a兲兴 and peak positions 共not
shown兲 stay almost constant. Since the tube wall consists of
a tightly rolled nanomembrane, the number of rotations
along the axes of microcavities rolled up from circular nanomembranes can easily be calculated. The relation between
relative intensities and number of rotations are displayed in
Figs. 2共a兲 and 2共b兲. An interesting phenomenon is that modes
become visible at ⬃2.7 rotations in the 60 m tube while a
larger number of rotations 共⬃3.8 rotations兲 is required in the
80 m microtube. This difference may possibly be due to
the more compact tube wall in the shorter tube or the axial
confinement of the light.13
In addition to the change of relative intensity, the microcavity structure has significant influence on the mode positions. Figure 3共a兲 shows the PL spectra measured at different
positions on an 80 m microtube along its axis. Obviously,
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FIG. 2. 共Color online兲 共a兲 Circles display the relative intensity of a resonant
mode 共with M = 29兲 of a microtube rolled up from a circular nanomembrane
with diameter of 60 m as a function of the number of tube wall rotations.
The solid line is a guide to the eye. The square represents the relative
intensity of the resonant mode of a typical microtube rolled up from a square
nanomembrane with size of 60 m. The insets show the number of tube
wall rotations 共upper兲 and relative intensities of the resonant mode 共lower兲
as a function of the distance from the middle of the tube. The solid line in
the lower inset is a guide to the eye. 共b兲 Results of the microtube from
circular nanomembrane with diameter of 80 m 共M = 30兲.

the resonant modes shift continuously to higher energy when
moving from the middle to the end of the microtube. Similar
results were also obtained from the 60 m microtube 关see
circular symbols in Fig. 3共b兲 and its inset兴 To understand this
shift qualitatively, we consider the cross section at each position of a tubular microcavity as a circular waveguide.18 To
obtain constructive interference for light traveling inside the
tube walls, the periodic boundary condition neffd = M
should be satisfied, where neff is the effective refractive index, d is the diameter of the microtube, and  is the wavelength. With increasing distance from the middle of the tube,
the number of rotations 共i.e., the tube wall thickness兲 decreases and shortens the path of the light circulating inside
the circular waveguide, which directly leads to a decrease of
neff.10 As a consequence, the mode shifts to shorter wavelengths 共higher energies兲 to satisfy the boundary condition.
The quantitative analysis of the shift is obtained by FDTD
simulations, which are displayed as dashed lines in Fig. 3共b兲
and its inset, and describe very well the experimental results.
To further investigate the optical properties of tubular
microcavities, we have performed polarization dependent PL
measurements on a microtube. The circular symbols in Fig. 4
show the relative intensity as a function of the linear polar-
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FIG. 4. 共Color online兲 共a兲 Relative intensity of the resonant mode 共M
= 30兲 as a function of the linear polarization angle of the emitted light with
respect to the tube axis 共circles兲. The solid line is the cosine fit. The inset
shows the relative intensity of the resonant mode 共with M = 30兲 as a function
of the polarization angle of the excitation laser with respect to the tube axis
共circles兲, and only the emitted light polarized parallel to the tube axis was
collected.
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FIG. 3. 共Color online兲 共a兲 Color coded PL intensity as a function of emission energy and the distance from the middle of an 80 m microtube. 共b兲
The circles show the experimental result of peak position 共M = 30兲 as a
function of the distance 共80 m microtube兲. The result from the FDTD
simulation is given by the dashed line. The inset shows the experiment and
simulation results of the resonant mode 共M = 29兲 from a 60 m microtube.

ization angle of the emitted light with respect to the tube
axis. A cosine dependence is apparent, and no optical mode
can be observed when the polarization axis is perpendicular
to the tube axis. This indicates that only the light with polarization axis parallel to the tube axis can circulate in the tube
wall. We also changed the polarization angle of the excitation laser, however, no polarization dependence is observed,
as illustrated in the inset of Fig. 4. Due to the amorphous
nature of the nanomembrane, the isotropic light emission
from the defect centers is reasonable.
In summary, we have prepared tubular optical microcavities by releasing prestressed nanomembranes with different shapes from polymer layers, and the geometrical structure of the microcavities can be easily controlled by
photolithography. Optically resonant modes are observed,
and the mode positions correlate with the structural properties of the microcavities, in good agreement with FDTD
simulations. The polarization dependence of the modes implies that light polarized parallel to the tube axis can easily
propagate in the tubular microcavity, whereas the emission
properties are independent of the polarization of the excitation laser.
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