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Observation of higher order radial modes in atomic layer
deposition reinforced rolled-up microtube ring resonators
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We present a detailed investigation of the resonator properties of high-quality rolled-up SiO, optical microtubes
reinforced by atomic layer deposition. The evolution of the resonant modes with increasing film thickness and
the transition to a multimode regime, including higher order radial modes, is discussed. Measurements and sim-
ulations show that the higher order modes exhibit high optical quality and an increased extension of the evanescent
field from the resonator into the surrounding matrix, making them a promising solution for future on-chip sensor
applications with increased sensitivity. © 2014 Optical Society of America
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Vertically rolled-up microcavities (VRUMs) are a promis-
ing type of whispering-gallery-mode ring resonator [1-3].
As they are fabricated by a strain-induced roll-up process
[4-6], they can be integrated on a large scale directly onto
a microchip [6,7]. VRUM-based optical components such
as add-drop filters [8], optical couplers [9], lasers [10]
and optical sensor elements [11-15] have already been
demonstrated.

Many applications require a mechanical reinforcement
of the initial thin-walled tubular structure by atomic layer
deposition (ALD) to increase their structural stability
for postprocessing or operation. Concurrently, ALD
coatings modify the spectral position of resonances
and influence their quality-factor (Q-factor) [16-18].
Earlier, investigations focused on comparatively thin
coatings and observed broad optical modes [16], which
are inferior for sensing applications.

In this letter we show that this effect can be overcome
using thicker coatings. We present a detailed investiga-
tion of the evolution of the resonator properties with
increasing ALD layer thickness. We investigate the tran-
sition to a multimode regime where higher order radial
modes are observed. These modes are identified and
investigated by polarization and spatially resolved micro-
photoluminescence (pPL) mappings. In addition, we
present results of numerical calculations showing that
the evanescent fields from the higher order radial optical
modes extend deeper into the surroundings, which is
interesting for improving the sensitivity of on-chip optical
SEensors.

The VRUMs studied in this Letter are rolled-up from
70 nm-thick differentially strained patterned SiO; nano-
membranes using well established fabrication techniques
published elsewhere [3]. The resulting bridge-like VRUMs
have an inner diameter of 15.3 pm and feature a wall
thickness variation in the center leading to confinement
of light in the axial direction [19]. Al,O3 was deposited in
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steps of 10 nm on the inner and outer wall of the VRUM
leading to a 20 nm increase in tube wall thickness.
Trimethylaluminium (TMA) and water were used as pre-
cursors at a substrate temperature of 200°C with 16 ms
pulse time for both reactants. A long purge time of 10 s
was used to ensure full desorption of the excess reac-
tants inside the microtube. The VRUM shown in Fig. 1(a)
is representative of VRUMs used in this study.

Optical characterization was performed on the same
resonator after every ALD step using pPL. Excitation
of the VRUMs at 442 nm leads to a broad emission
band from 450 to 750 nm likely originating from defects
[20] inside the SiO, layer. On top of this background,
resonances appear as shown in Fig. 1(b). The resonant
modes are formed by constructive interference of light
traveling along the circumference of the tube and follow
the simple approximation zDneg = mA, where D is the
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Fig. 1. (a) SEM images of a rolled-up microtube, focusing on
the axial confinement facilitating lobe (left) and overall struc-
ture (right). The dashed line indicates the path followed for the
mapping measurements displayed in Fig. 3(b). (b) Initial nPL
emission signal of the VRUM showing three sets of azimuthal
modes split up into axial modes (black line). The dashed red
line shows a shift of the spectra due to desorption of water after
heating for 10 min at 200°C in vacuum.
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VRUM diameter, nq; the effective (group) refractive in-
dex, m the azimuthal mode number, and A the wave-
length of the resonant mode. The initial spectrum prior
to ALD reveals three groups of azimuthal modes with
mode numbers m from 107 to 109 within the spectral
range of 592-608 nm that are formed due to the resonant
properties of the VRUM. The mode numbers were esti-
mated using numerical calculations using the model pre-
sented in [21]. Due to the thickness variation along the
VRUM axis, an effective optical potential is created that
leads to a splitting of each azimuthal mode m into narrow
axial modes with @-factors up to 3,300. The respective
long wavelength peak in each azimuthal group is the axial
mode of lowest order (see also as fabricated spectrum
in Fig. 2). An additional similar splitting is, in principle,
also possible due to the radial confinement of the VRUM
wall leading to a split up into radial modes. However,
without coating, only the lowest order (or fundamental)
radial mode is confined, and only axial mode splitting is
observed. Due to the symmetry of the VRUM, the modes
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Fig. 2. Evolution of the pPL emission signal of the rolled-up
microcavity shown in Fig. 1 as a function of ALD single-layer
thickness. TM polarized azimuthal modes split up into a set
of higher order axial modes (diamonds) and corresponding
lowest order axial modes (triangles) are marked in the initial
spectrum with respective azimuthal mode number m. In the
spectrum from the most thickly coated resonator TM, (trian-
gles) and TM, (stars) radial modes as well as TE polarized
modes (circles) are visible. As they do not necessarily belong
to the same azimuthal mode number, values for m are indicated
only for TMj. @nax denotes the highest measured quality-factor
for each mode spectrum. Tube schematics show an uncoated
and coated resonator, respectively.

also separate into a polarization state parallel (TM) and
perpendicular (TE) respective to the VRUM axis. For
thin-walled VRUMs, only TM polarized light is supported,
while out of plane TE polarized modes are less confined,
as their electric field is not continuous at the wall-air
interface and therefore subject to higher losses [22].

Prior to the ALD deposition, the VRUMs were kept
in the ALD chamber under vacuum for 2 h at 200°C to
ensure that their optical quality is not degraded by the
process conditions of the machine (Savannah 100, Cam-
bridge Nanotech). Spectra taken before and after this
heating procedure are shown in Fig. 1(b). The VRUM
maintains its sharp resonances, and also all 12 resonan-
ces per group are unaffected. Only the absolute mode
positions of the whole spectrum are shifted by ~3 nm,
which can be attributed to a desorption of water from
the resonator surface [14,17].

When the tube is coated with ALD, the effective refrac-
tive index and the wall thickness are gradually changed
leading to the predicted continuous redshift [16] of the
modes in the pPL spectra shown in Fig. 2. Note that
the redshift induced with every step is very large as
can be seen by the first two spectra. In addition, we
observed that the axial modes started to overlap with in-
creasing coating thickness, while the number of observed
axial modes decreased. At an Al,Oj layer thicknesses of
30—40 nm, no clear identification of axial modes is pos-
sible anymore as shown in the pPL spectrum in Fig. 2.
This is likely due to the decreased significance of the lobe
engineered into the rolled-up structure, which accounts
for an increased average wall thickness of 47% in the un-
coated tube but only 27% when there is a 40 nm thick
coating. The optical axial potential well correspondingly
decreases as the walls become uniformly thicker, an ef-
fect which also explains the decrease in @, as reported
in [23]. However, when the coating process is continued,
the radial confinement is enhanced and the tube gradu-
ally reaches the multimode regime where higher order
radial TM modes and perpendicular polarized TE modes
can be confined. This can be nicely seen in Fig. 2, while
the coating thickness increases from 30 to 80 nm, the
spectra start to include first broad modes and then addi-
tional narrow peaks. We will later identify the broad
modes as TE; and the narrow peaks as higher order
radial TM; modes.

Since the electric field distribution of each type of
mode is different, their unequal sensitivity to the coating
leads to the peaks shifting by different magnitudes, in-
cluding the case of spectrally overlapping mode peaks.
At 40 nm, it is for example difficult to find a TE mode.
This is crucial from an application point of view, as many
enhancement layers reported so far focused on mechani-
cal stabilization with coatings in a narrow range from 30
to 60 nm [12-14,16], and were not optimized with respect
to clearly separated modes in the desired spectral range.
Thus, we continued coating until a sufficient separation
of the modes was achieved at an ALD thickness of
80 nm, which simplifies a detailed investigation. Of par-
ticular interest at this point are the two sharp intense
peaks that have high @-factors (3300 and 2200) compared
to the intermediate spectra. We attribute the high @ to the
increase in radial confinement during the coating proc-
ess, leading to an ngg of 1.58 after 80 nm of Al,Og coating
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Fig. 3. (a) Polarization mapping and (b) spatial mapping of
VRUM coated with 80 nm Al,03. TM,, TM, and TE, peaks
are identified as described in the text. The azimuthal order
of the TM; modes is presumably different from TM,.

compared to 1.41 for the uncoated resonator. This effect
overcompensates the quality loss due to the decreased
axial confinement, which has not been observed for thin
ALD coatings [16].

From the pPL spectra it is difficult to distinguish be-
tween TM and TE modes, axial modes and higher order
radial modes. To experimentally identify the different TM
and TE modes, a map of the pPL as a function of the
polarization angle, as shown in Fig. 3(a), was performed.
For each set of modes, two sharp peaks are observed at
0° and 180° corresponding to TM polarized modes. Very
broad peaks, corresponding to TE polarized modes, are
observed at orthogonal polarization at 90° and 270°.
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In order to distinguish the two TM modes, the mode
signature of the VRUM was additionally explored by a
spatially resolved PL mapping along the tube axis at a
polarization angle of 180°, to clearly reveal and identify
possible axial modes, as shown in Fig. 3(b). The two
sharp TM polarized modes were observed at the center
of the lobe area of the tube [around 20 pm away from the
starting scanning position, see Fig. 1(a)]. Weak axially
split modes with their characteristic spatial distribution
along the axis are apparent in the map at shorter wave-
lengths that were not clearly visible in the spectra in
Fig. 2. The asymmetric spatial distribution, with respect
to the center position, can be attributed to an increasing
VRUM diameter along the axis due to an asymmetric roll-
up as discussed in detail previously [24]. The free spectral
range of the axial modes is narrow compared to the spac-
ing of the peaks labeled with TM, and TM;, which sug-
gests that the TM,; labeled peak is not merely another
TM, axial mode but genuinely a higher order radial mode.
This conclusion is also supported by the different shift
during coating.

Moreover another high-quality TM mode can be found
at an off-centered position of 30 pm, which does not seem
to belong to axial modes. We attribute this to a second
optical confinement at this position due to the slight
asymmetric rolling process and possible corrugations
that lead to spatially pinned resonances as reported in
[25]. Because this peak only appears when directly ex-
cited in the near field, it is not visible in the spectra
in Fig. 2.

To compare the sensing properties of coated and un-
coated tubes, we calculated the electric field distribution
of the different mode types within our resonator using
the Helmholtz wave equation for ring structures with
parameters measured from our real tube. First, it can
be seen in Fig. 4 that the evanescent field of the TM,
mode decreases with increased ALD coating, due to an
increased confinement. In contrast, the TE, and TM;
modes show a larger evanescent field in the hollow core
of the resonator, which is associated with a high sensi-
tivity [26,27]. Indeed, the TM; mode shows the largest
extension of the evanescent field in the hollow core of
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Fig. 4. Electric field distribution of TM,, TM,; and TE modes in the (a) uncoated and (b) coated resonator, as a result of waveguide
simulations using parameters of our measured VRUM. The energy fraction in the hollow core ncogg is given and marked in blue. The
calculations show that the evanescent field of the TM; modes extends more into the hollow core of the tubular resonator than for
other modes, which is a direct indicator of the optical sensitivity [26,27].
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the tube with an energy fraction of 5.7%: nearly double
that of the TM; mode of the uncoated tube. In addition,
the @Q-factor of our identified TM; mode is distinctly
higher (2,200) compared to TE,, as they do not suffer
from discontinuities in the field distribution at the reso-
nator surface [22], making tubular resonators with higher
order radial TM; modes a promising alternative for on-
chip sensing applications.

To summarize, we have investigated the influence of a
conformal ALD reinforcement layer on the resonator
properties of a tubular vertically rolled-up microcavity.
We have shown that a thin coating is inadequate for sens-
ing applications, due to a loss of axial confinement and
broadening of the peaks. However, we found that the res-
onator shifts into a radial multimode regime with clearly
distinguishable single and higher order TM modes with
reasonable quality factors of up to 3,300 with continued
coating. Calculations show that especially the TM; mode
is promising for sensing applications, as it exhibits a
higher fraction of evanescent field extending into the
hollow core of the tubular resonator, leading to an in-
creased sensitivity.
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