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We report on microtube ring resonators with quantum wells embedded as an optically active material.
Optical modes are observed over a broad energy range. Their properties strongly depend on the exact geometry
of the microtube along its axis. In particular, we observe �i� preferential emission of light on the inside edge of
the microtube and �ii� confinement of light also in the direction of the tube axis by an axially varying geometry,
which is explained in an expanded waveguide model.
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Semiconductor microcavities confining light on the scale
of its wavelength have gained considerable interest in the
past years, both for possible applications in integrated opto-
electronics and for basic research on light-matter interaction,
the latter especially in cavity quantum electrodynamic
experiments.1,2 Another growing field in the past years is the
research on semiconductor micro- and nanostructures fabri-
cated by use of strain relaxation of pseudomorphically grown
bilayers, which are lifted off the substrate.3–8

We have recently shown that, by combining both research
fields, it is possible to fabricate rolled-up microtubes which
act as optical ring resonators.7 In this paper, we report on a
microtube ring resonator design with embedded quantum
wells �QWs� as optically active material instead of self-
assembled quantum dots as in our previous work. We ob-
serve optical modes over a broad energy range expanding
from a little above the QW center emission energy to its
low-energy side. The quality factor of the modes and its
mode spacing are affected by reabsorption of light by the
QW. We study the mode structure of our microtubes by scan-
ning photoluminescence spectroscopy along the tube axis.
The interesting aspect of our investigation is that we clearly
observe �i� preferential emission of light at the axial edges
and �ii� confinement of optical modes also along the tube
axis. The latter is caused by spatially varying revolution
numbers. Taking into account the exact geometric dimen-
sions which we derive from scanning electron microscope
�SEM� investigations, the spatial dependency of the mode
energies along the tube axis can be nicely calculated.

The starting point of the fabrication of our QW microtube
ring resonator is a molecular beam epitaxy grown layer sys-
tem. On a GaAs substrate and a GaAs buffer layer, 40 nm
AlAs will serve as a sacrificial layer in the later processing.
The strained layer system which will by lifted off the sub-
strate consists of 14 nm In0.15Al0.21Ga0.64As, 6 nm
In0.19Ga0.81As, 41 nm Al0.24Ga0.76As, and 4 nm GaAs. Both
In-containing layers are pseudomorphically strained grown.
The InGaAs layer forms a QW sandwiched between higher
band gap barriers. The actual preparation process of self-
supporting microtube bridges by using optical lithography
and wet etching processes starts with the definition of a
U-shaped strained mesa followed by the definition of a start-
ing edge. The details can be found in Ref. 7. Here, we further
improved our preparation technique by etching deeply into
the AlAs layer in the region between the legs of the

U-shaped mesa �see SEM picture in Fig. 1�. During the fol-
lowing selective etching step, this region is protected by pho-
toresist. This process leads to a larger and more controllable
lifting of the central part of the microtube from the substrate.
The SEM image in Fig. 1 depicts the specific microtube on
which all measurements presented in this paper have been
performed. It is slightly more than twofold rolled in its self-
supporting part; correspondingly, the wall thickness is mostly
130 nm except for the small region along the tube axis where
three strained sheets sum up to a 195 nm thick wall. The
self-supporting part has a diameter of about 6.4 �m and a
distance to the substrate of about 1 �m. The left inset in Fig.
1 sketches a nonscaled cross section of the microtube.

We investigated our microtubes by microphotolumines-
cence spectroscopy at low temperature T=7 K. A He-Ne la-
ser ��=633 nm� was focused on the sample by a microscope
objective �50� �, having a spot diameter of about 1.5 �m.
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FIG. 1. �Color online� Measured PL spectra �black lines� of the
microtube for �a� TE and �b� TM polarizations. The excitation
power density was about 4 kW/cm2. The spectrum in �a� is ap-
proximated by the sum of Lorentzian curves for the resonant modes
�below the measured spectrum� and a Gaussian curve for the leaky
modes �gray shaded�. Q factors have been obtained by fitting. The
left inset shows a nonscaled cross-sectional sketch of the microtube
together with the excitation and collection configuration; the right
inset shows a SEM image of the microtube.
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The PL light was collected by the same objective, dispersed
by a 1 m monochromator and detected by a cooled charge
coupled device �CCD� camera.

Figure 1�a� shows a photoluminescence �PL� spectrum of
the microtube. The sequence of sharp peaks represents opti-
cal modes which are observed here in microtubes containing
QWs. Before discussing these modes in more detail, we want
to point out the excitation and collection configuration used
in this measurement. Here, the positions of excitation and
collection of the PL light were the same in the z direction
along the microtube axis but could be shifted against each
other in the radial direction of the microtube. This situation
is illustrated in the schematic inset in Fig. 1 by the two
vertical arrows. The exciting laser generates electrons and
holes which quickly relax into the QW in the vicinity of the
focused laser spot on the microtube. There they form exci-
tons which then radiatively decay. A fraction of the emitted
light does not fulfill the condition of total reflection on the
tube-wall–air interface and therefore couples to leaky modes.
The other fraction does fulfill the condition of total reflection
and is therefore guided by the tube wall. Constructive inter-
ference leads to the formation of optical resonator modes
when, in a rather simple picture, light guided perpendicularly
to the tube axis has the same phase after one round trip.
Therefore, collecting the light at a different position than
exciting the QW suppresses the detection of light out of
leaky modes with respect to the cavity mode emission. If we
collect the PL light from the excitation position, we can iden-
tify the emission into leaky modes around 933 nm with a full
width at half maximum �FWHM� of 14 nm �23 meV�. This
is explicitly shown in Fig. 3�d�, which will be discussed later
in the text. This signal is not affected by interference inside
the ring resonator and represents the emission of a curved
QW. It is redshifted by about 20 nm �30 meV� compared to
the QW emission of the unstructured sample, which is shown
in Fig. 2�a�. The shifting is strain induced and has been simi-
larly reported by Hosoda et al.5

We now want to discuss the resonator modes in more
detail. All modes are linearly polarized with the electric field
vector parallel to the tube axis �TE polarization, Fig. 1�a��.
We find no modes in perpendicular polarization, as can be
seen in Fig. 1�b�. The strong peaks at about 939, 951, and
963.5 nm clearly show shoulders on their high-energy side.
Their origin is not unambiguously clear. They might arise
due to the lifting of the degeneracy of a perfectly symmetric
cylindrical resonator by the inner and outer edges of the real
structure �see sketch in Fig. 1�.9 Another explanation for the
double peak structure might be the existence of axially con-
fined modes of slightly different energy, which spatially
overlap or at least cannot be separated by our experimental
setup. Such axially localized modes will be thoroughly ad-
dressed later in this paper. At about 977 nm, a further mode
with low intensity can be seen �marked by an arrow and
magnified by a factor of 20 in Fig. 1�a��. By trying to ap-
proximate the spectrum by a superposition of Lorentzians for
the resonant modes and their high-energy shoulders together
with a homogeneous Gaussian curve at about 933 nm with
its above given FWHM for the residual intensity from leaky
modes, one can clearly identify a further, rather broad mode
on the high-energy side of the QW emission at about

929 nm. This peak can clearly be observed only in the de-
scribed excitation and detection configuration. Collecting the
PL light at the excitation position would strongly overlay this
peak by leaky modes.

Recapitulating, altogether, five linearly polarized optical
modes plus some shoulders are observed over an energy
range of about 50 nm �70 meV�. These modes are reported
here in microtube ring resonators containing QWs as the op-
tically active material. The lowest lying mode is separated by
about 44 nm �60 meV� from the center QW emission energy.
The observation of similar low lying cavity modes has been
reported for microdisks containing ternary AlGaAs QWs,
and they were attributed to the recombination of electron-
hole pairs localized in monolayer and alloy fluctuations.10 In
fact, in measurements with low excitation power density on
our unstructured sample, we observe single sharp lines with
spatially changing energy positions on the low-energy side of
the QW emission, as expected for emission out of such lo-
calized states. This can be seen in Fig. 2�b� where the exci-
tation power was decreased by more than a factor of 10
compared to the measurements shown in Fig. 2�a� or in Fig.
1. Both spectra were obtained in one and the same measure-
ment for slightly different spatial positions within the area of
the laser spot. Regarding the quality factors Q=E /�E, one
can deduce a weak trend of slightly decreasing Q factors for
increasing mode energies, still below the center QW emis-
sion energy if one averages the values of the main modes and
its corresponding neighbors. This weak decreasing can be
explained with a slight increase of reabsorption of light in-
side the cavity. Absorption is strongly enhanced for energies
above the QW emission center. Consequently, the optical
mode above the QW emission energy experiences strong
losses resulting in a broadening by a factor of about 10 com-
pared to the sharpest peaks on the low-energy side.
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FIG. 2. PL spectra of the unstructured sample obtained with
different excitation power densities: �a� 4 kW/cm2 and �b�
0.3 kW/cm2. The spectra in �b� �vertically shifted for clarity� were
obtained in one and the same measurement for slightly different
spatial positions within the area of the laser spot.
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Figure 3�a� shows a magnified SEM picture of a part of
the investigated self-supporting microtube bridge. As previ-
ously mentioned, the tube has rolled up slightly more than
two times. For this particular microtube, the small region
where the wall consists of three rolled-up strained layers was
orientated on top of the tube, just like as that sketched in Fig.
1. Using a rather high acceleration voltage of 20 kV at the
SEM, not only the outside edge of the microtube wall but
also the inside edge can be resolved. Since the microtube
wall in the region between the inside �left� and outside
�right� edges consists of three rolled-up layers, it appears
slightly brighter in the SEM picture than the material besides
this region. We find that applying our preparation technique
to the layer system described above, both edges of the mi-
crotube tend to randomly fray over some microns instead of
forming straight lines. The fraying occurs predominantly
along the �110� direction of the crystal, whereas the rolling
direction of the microtube is along �100�. The spectrum in
Fig. 1 proves that optical modes can still develop despite the
frayed edges, since it is actually obtained from exactly the
microtube shown in Fig. 3�a�. By using the grating of the
monochromator in zero order as a mirror, we can directly
image the microtube on the CCD chip of the detector, as
shown in Fig. 3�b�. Here, the microtube was excited by the
laser, but in the collected signal, the laser stray light was cut
off by an edge filter. Therefore, Fig. 3�b� shows an undis-
persed PL image of the sample. We observe strong emission
at the excitation position centrally on the mircotube. We also
observe a large corona around this position due to PL emis-
sion of the underlying GaAs substrate. The borders of the
microtube become apparent by vertical shadows. Further-
more, both the inside and outside edges of the tube are vis-
ible in the CCD image. Even though close to the resolution
limit, the larger frays especially of the outer edge, which are
clearly visible in the SEM picture in �a�, can also be identi-
fied in �b�. Interestingly, we observe a strong enhancement of
PL emission near the inside edge of the microtube. Having
aligned the microtube axis in the way that its image is par-
allel to the entrance slit of the spectrometer, we can spec-
trally analyze the PL light of different radial positions retain-

ing spatial resolution along the tube axis. In Fig. 3�c�, the
signal along the inside edge is analyzed. The vertical axis
gives the spatial position along the tube axis �z direction�, the
horizontal axis gives the spectral position, the PL intensity is
encoded in a gray scale. The lower panel in �c� shows a
spectrum obtained at the z position on a level of the laser
spot �dotted horizontal line�. The sequence of maxima of
different wavelengths shows that the light is indeed domi-
nantly emitted out of resonant modes. In Fig. 3�d�, the signal
emitted underneath the laser spot is analyzed. In contrast to
the inner edge, here, only one peak around 930 nm is ob-
served, which is the emission of the QW into leaky modes as
already discussed in the context of Fig. 1�a�. At last, Fig. 3�e�
analyzes the emission at the outside edge. Here, we observe
both sequences of resonant modes and leaky modes, but with
a much smaller intensity than in �c� or �d�. Note that the
intensity in �e� is multiplied by a factor of 6 compared to �c�.
Thus, as a summary of Fig. 3, preferential emission of modes
at the inside edge is proven. This result, which is valid for
every position along the tube, indicates that the edges of the
microtube might be functionalized for a controlled or even
directional emission of light.

In order to investigate the influence of the frayed edges on
the mode spectrum, we performed micro-PL measurements
scanning along the tube �z� axis, which are shown in Fig.
4�b�. The graph’s horizontal axis gives the wavelength of the
detected light, whereas its vertical axis gives the axial posi-
tion on the microtube which can directly be related to the
SEM picture in Fig. 4�a�. The PL intensity is encoded in a
gray scale where dark means high signal. Note that the gray
scale is chosen to be logarithmic in order to better resolve in
one and the same graph both intense peaks on a compara-
tively intense background and small peaks on a weak back-
ground. The microtube was scanned in 80 steps over a length
of 35 �m �between the two broken horizontal lines in Fig.
4�a��. In the z direction, the collecting position of the PL
light was centered on the excitation spot; in radial direction,
we collected over the whole microtube.

For nearly every position on the microtube, we observe
three or four optical modes. Their energies are shifting along
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FIG. 3. �Color online� �a� SEM picture of a part of the microtube. Both the inside and outside edges are visible. �b� Undispersed PL image
of the sample shown in �a�. Both images are equally scaled; the positions of the borders �b�, the inside edge �ie�, and the outside edge �oe�
are marked. ��c�–�e�� Spectrally analyzed PL emission at the �c� inside edge, �d� radial position of the laser spot, and �e� outside edge. In the
upper panels, the spatial information along the tube �z� axis is retained. The lower panels show spectra obtained at the z position on the level
of the laser spot �marked by the dotted horizontal line�. The excitation power density was about 5 kW/cm2.
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the z direction, but interestingly this shifting is not continu-
ous: The mode energies sometimes seem to be spatially
pinned. First, we want to explain the shifting by an expanded
model of a closed waveguide. For each position in the z
direction, we regard a cross section perpendicular the tube
axis as a circular waveguide, having a diameter of d
=6.4 �m. The waveguide thickness abruptly changes at the
edges from 130 to 195 nm. For each region, we translate the
thickness in related effective refractive indices neff

130 nm and
neff

195 nm, respectively.7 For this calculation, we assumed the
average refractive index of the layer system to be n�E�
=0.3225�E�eV�+2.982 32 by linearly approximating val-
ues given in Refs. 11 and 12. From Fig. 4�a�, we determine
the distance L195 nm�z� from the inside to the outside edge on
the tube surface by taking into account that the picture is a
projection of a curved surface. We can then define an overall
effective refractive index for the whole circular waveguide
for each z position: neff

circ�z�=neff
195 nmL195 nm�z� / ��d�

+neff
130 nm�1−L195 nm�z� / ��d��. The periodic boundary condi-

tion for a resonant mode then reads neff
circ�z��d=m�, with the

vacuum wavelength � and the azimuthal mode number m
�N. The resonances calculated with this model have azi-
muthal mode numbers around m=57 and are depicted in Fig.
4�b� as bright broken lines. The absolute position of the cal-
culated mth mode strongly depends on the exact dimension
of the microtube, whereas the calculated mode spacing fits
quite well to the measurements. Deviations can be explained
by slightly insufficient approximated refractive index of the

layer system, especially because of neglecting absorption in-
side the QW. As a striking result, the calculation reveals that
the overall z dependency of the measured resonant wave-
lengths is nicely approximated by our model.

In the following, we want to concentrate on the spatially
pinned resonances. These resonances can be seen in Fig. 4�b�
as isolated dark spots with no significant wavelength shift
over 1 �m or more. This implies that these resonances are
localized modes, confined also in the z direction along the
tube axis. Comparing Figs. 4�a� and 4�b�, it seems that some
of these localized modes can be attributed to positions on the
tube with a broad distance between inside and outside edges.
To work out this point in more detail, Fig. 4�c� shows neff

circ�z�
calculated for �=940 nm, which essentially reflects the dis-
tance between the edges as a function of the z position. Com-
paring now �b� and �c�, it becomes obvious that optical
modes are predominantly localized in regions of local
maxima of neff

circ�z� representing local maxima of L195 nm�z�.
To better visualize this behavior, all pronounced localized
modes are indicated with horizontal lines in Fig. 4�b�. Con-
finement of light along the z direction is achieved by a
change of neff

circ�z�. This important result can be qualitatively
explained within the waveguide model. Until now, we im-
plied in our model light having no wave vector component
along the tube axis, because, for a perfect infinite microtube,
this light would just run away along the tube axis. If we now
regard light with a finite but small wave vector component
along the axis, this light can experience total internal reflec-
tion also in z direction, which leads to a three dimensional
confinement. Total internal reflection in this case is quite
similar to the situation in a graded-index optical fiber. Our
model using an averaged effective refractive index for a cir-
cular cross-sectional area of a microtube explains our mea-
sured data astonishingly well, despite the fact that this model
neglects the abrupt changes of the inside and outside diam-
eters. The experimental data show that it is possible to con-
fine light also along the axis of a microtube ring resonator by
a slight change of the wall geometry along the axis. This
result opens up new prospects for a controlled three dimen-
sional confinement of light inside a microtube ring resonator
by the use of a lithographically controlled variation of the
inside and outside edges of the strained layer system before
the roll-up process takes place. In this context, we would like
to refer to a recent theoretical work by Louyer et al. on
prolate-shaped dielectric microresonators.13 We believe that
our technique of laterally structuring the edges of a micro-
tube before the roll-up process, which is presented in this
paper, might make it possible to fabricate prolate-shaped mi-
crotube resonators with similar characteristics as described in
Ref. 13.

In summary, we report on a microtube resonator with em-
bedded QWs. We observe optical modes in a quite large
energy range, which are partly affected by reabsorption.
Scanning micro-PL measurements demonstrate �i� preferen-
tial emission of light near the inside edge of the microtube
and �ii� confinement of light also in the direction along the
tube axis. The confinement is induced by spatial variations of
the inside and outside edges of a microtube along its axis and
can be approximated in an expanded waveguide model. The
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FIG. 4. �Color online� �a� SEM picture of a part of the micro-
tube. Inside and outside edges are marked with broken lines for
clarification. The tube wall is thicker between these edges �see
sketch in Fig. 1�. �b� Scanning micro-PL spectra show three dimen-
sionally confined optical modes �excitation power density of about
4 kW/cm2�. The white broken lines represent calculated mode en-
ergies for m=59 to 56. �c� Calculated effective refractive index vs
position. Horizontal broken lines mark the positions of some pro-
nounced localized modes.
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presented results highlight the possibility of both a controlled
emission and a controlled three dimensional confinement of
light in a microtube by a lithographically controlled defini-
tion of the microtube edges.
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