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Single Whispering Gallery Mode in Mesh-Structured
Tubular Microcavity with Tunable Axial Confinement

Yungi Wang, Yang Wang, Gaoshan Huang, Ye Kong, Chang Liu, Zhe Zhao, Kaibo Wu,

and Yongfeng Mei*

Single-mode lasing with high-beam quality and wide-range spectral purity is of
fundamental importance in scientific and technical applications. Lacking a mode
selection strategy, achieving single whispering gallery mode (WGM)-type lasing
remains a challenge. Herein, a wide-range tunable single-WGM resonance in a
mesh-structured tubular microcavity is realized by combining WGM resonance
with distributed feedback effect, and the single mode can be systematically and
precisely tuned by tailoring the geometry parameters of the hole array. In
addition, switching between single mode and multimode WGM can be achieved
at different axial directions of one individual tubular microcavity. The structure
provides additional degrees of freedom to manipulate the resonant spectra
characteristics and the spatial distribution of resonant modes, thus having a

promising future in micro-/nano-optical devices.

1. Introduction

Optical microcavities, which can confine light effectively by res-
onant circulating, play an important role in light-matter interac-
tion."! According to the differences in light confinement
methods, optical microcavities can be classified as Fabry—Perot
microcavities,” ™ photonic crystal microcavities,® and whisper-
ing gallery mode (WGM) microcavities.”®! In a WGM microcav-
ity, light propagates and circulates along the surface of the
microcavity via total internal reflection, achieving high light
intensity and energy density.”) Due to the advantages of
ultrahigh quality factor (Q factor) and small mode volume,
WGM microcavities have attracted great interest in various fields,
including sensors,1%1 filters, 1314 optical cormrmmications,[15 ]
and especially, lasers."*2" In lasing applications, microcavities
are utilized to decrease scattering loss and to improve light
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amplification. As for a laser, spectral width
and threshold are the fundamental and
significant parameters, which are tightly
dependent on the Q factor of the microcav-
ity and the mode volume (V) of the
resonant mode.”? The large Q/V value
of WGM microcavities thus provides
strong interaction between the active mate-
rial and the microcavity interior, offering
the possibility of obtaining lasers with
low threshold and narrow linewidths.

Due to the advantages of high power,
high-beam quality with Gaussian distribu-
tion, and relative wide-range spectral
purity, single-mode lasing is of fundamen-
tal importance for scientific and technical
applications.!”®! Realizing single-mode res-
onance is necessary for sensing to improve
the sensitivity and the spectral dynamic range. However, lacking
of a mode selection strategy, WGM resonance is usually of a mul-
timode nature, which limits the corresponding practical applica-
tions. To achieve single-mode WGM lasing, the straight-forward
method is to minimize the cavity dimensions.**?*! As the free
spectral range (FSR) scales inversely with size, decreasing the
cavity dimensions leads to an expanded FSR.*® Single-mode
WGM lasing can be obtained when only one resonant mode
is left within the gain spectrum.”””) However, decreasing the
cavity size corresponds to the increased curvature, leading to
an evident scattering loss, which requires an increased lasing
threshold.”® Another common method used is based on size-
matched coupled WGM microcavity.”**! Due to Vernier effect,
the so-called photonics molecules can form an enlarged FSR,
through which a tunable single-mode WGM can be obtained.**
In the past decade, controlling the gain and loss through a parity-
time (PT) symmetry system is considered as a novel approach for
spectral modulation.®>2%  Some researchers have already
obtained single-mode lasing in the PT symmetry-braking
systems.?”*¥) In addition, other approaches, e.g., metallic cavity-
based light confinement,?® spatially modulating the laser
pump,***! and using piezoelectric effect!*?’ are also believed
to be able to achieve single-mode lasing. However, these
methods are not experimentally compatible with all types of
microresonators,?”! and most of the methods require design
of complex micro-/nanostructures.*®

In the case of tubular microcavities with the special geometri-
cal feature,**! additional degrees of freedom can be employed
along the axial direction,”***! and therefore, strategies based
on axial confinement along microtubes have been reported.
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Tian et al.*® utilized origami-inspired technology to fabricate a
diamond mesostructured microcavity with a discrete rotational
symmetry, realizing a single WGM zero-phonon line emission
with a high signal-to-noise ratio. However, with complex struc-
ture and delicate fabrication process, precise manipulation of the
single-mode WGM microcavity has not been systematically
demonstrated yet. In this work, we presented a wide-spectrum
tunable single-mode WGM using a mesh-structured tubular
microcavity with the mode selection ability, and the designed
WGM microcavity generates so-called distributed feedback
(DFB) effect in a relatively small volume. Through tailoring
the period length and size of the hole arrays (i.e., mesh
structure), the wavelength of single-mode WGM can be tuned
on purpose. In addition, switching between single-mode and
multimode WGM is experimentally achieved along the axis of
one microtube. In comparison with other microcavities, the
current modified microtubular structure provides additional
degrees of freedom to manipulate the resonant spectra character-
istics and the spatial distribution of modes, thus having a prom-
ising future in fundamental and practical applications in, for
instance, lasing devices in miniaturized and integrated systems.

2. Theoretical Model

The photonic crystal-like structure with a missing row can gen-
erate single-mode emission due to DFB effect.*”*% In a DFB
microcavity, light travels throughout the periodic structure,
scattering from each point along its path.”® Due to the
wavelength selectivity of Bragg effect, an interference-induced
single-mode emission at a structure-dependent wavelength can
be obtained.’%* However, traditional DFB lasers suffer from
a relatively high lasing threshold and large mode volume.
Imposing DFB effect on WGM with small volume could be a
good option. Figure 1a thus shows the design idea of our struc-
ture. We found that, both theoretically and experimentally, by
combining the tubular WGM microcavity with DFB structure,
the electric field distribution of the resonant modes can be
modulated and a desired single-mode WGM resonance can be
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obtained with appropriate structural design. As shown in our
model (Figure 1b), the microcavity is designed with discrete peri-
odic hole structure, which can generate DFB effect on intrinsic
WGM-type resonance of a normal tubular microcavity, achieving
the single-mode selection. The details of the model are clearly
shown in Figure 1c—e. Figure 1c shows axial cross-sectional view
of the microcavity, where periodic holes form the rotational sym-
metry of the structure. Here, the inner radius of the microtubular
structure R; is set to be 5.4 pm while the outer radius R; is set to
be 6.31 pm, and the structure is specifically characterized with a
parameter, hole number M, (e.g., Mo =11 in this schematic).
One may note that the thickness of the tube wall ¢ is set to be
a subwavelength value (t= R, — R; = 0.91 pm). In such circum-
stance, transverse magnetic (TM)-polarized WGM with electric
field vector paralleled to z direction (axial direction) possesses
much lower scattering loss and is preferentially considered in
our simulation.’? In addition, the subwavelength wall thickness
also plays an important role in confining light propagation along
radial direction, and thus only the fundamental radial mode is
demonstrated.*® Moreover, affected by the wavelength-scale
axial barrier length, WGM is further restricted with the lowest
axial mode index of 1.

To clearly demonstrate the DFB effect in the mesh-structured
microcavity, the curvature of the tube structure is neglected, and
thus DFB wavelength is able to be calculated using a planar
geometry, as shown in Figure 1d. However, the wavelength-scale
thickness of the tube wall should be considered to maintain the
constant vacancy ratio (i.e., hole size h/period length a) at every
vertical position along the radial direction, hole size h is sup-
posed to increase with the height, causing the wedge-shape
holes, as schematically shown in Figure le. For the sake of sim-
plicity, we use the average value of the hole size (yellow dotted
line) as a parameter in the following paragraphs. Due to the
complexity of the mesh-structured microcavity, finite-difference
time-domain (FDTD) method is adopted to solve the 3D
Maxwell’s equations, and typical characteristics of the resonant
modes such as the resonance wavelength A, Q factor, and electric
field distribution can be obtained. Tuning of the single-mode

L=2mR
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Figure 1. Schematic of the mesh-structured tubular microcavity. a) lllustration of the strategy to achieve a single WGM. b) 3D schematic of the micro-
cavity. c) Axial cross-sectional view. Ry, Ry, g, and h represent inner radius, outer radius, period length, and hole size, respectively. d) Schematic of the
planar DFB structure. The length of the structure is set as L = 2xR, where R is the curvature radius. ) Cross-sectional view of (d). The thickness t of the
tube wall leads to wedge-shaped holes. Hole size h linearly increases along the radius, and the average hole size (marked by yellow dotted line) is chosen

to characterize the structure.
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WGM in a pretty wide spectrum range is carried out through
varying period length a and hole size h.

3. Realization of the Single WGM Resonance

Resonant spectra with varied period lengths a are shown in
Figure 2a, where hole size h is fixed at 650nm. Normal
WGM is always measured as a series of modes with the similar
intensity (Figure Sla, Supporting Information). However,
spectra simulated with the current mesh-structured microcavity
present obvious intensity difference, which proves the mode
selection ability of the current cavity due to the interaction of
WGM resonance and DFB effect. As for structure with period
length a=1021nm (hole number M,=36), the intensity of
WGM with azimuthal number m =36 is much higher than
the adjacent modes (=25 folds), indicating an effective mode
suppression for unselected WGMs. Moreover, the spectrum
presents a single-mode emission in spectral range of at least
400 nm (Figure S1b, Supporting Information), indicating a wide
range mode selection. With a hole size h of 650 nm, single-mode
emission of different azimuthal numbers can be achieved
through tailoring the hole numbers M,, indicating this mode-
selection approach is structure dependent. Figure 2a shows that
the increased M, causes a blue shift of the resonant wavelength.
In addition, similar to normal WGM in microtube, the FSR of the
resonance can be calculated by measuring the mode spacing in
the spectrum, and the values are determined to be 32.22, 32.03,
and 31.80 nm (m = 34-39) for M, = 36, 37, and 38, respectively.
It is noted that FSR decreases with increasing M, and is smaller
than that of microtubular cavity without mesh structure
(35.24 nm, Figure S1c, Supporting Information). The phenome-
non can be ascribed to the scattering loss caused by the introduc-
tion of additional holes, which leads to a decrease in effective
refractive index n.g (Figure S1d, Supporting Information). In
this case, the lower effective refractive index generates decreased
resonant wavelength and FSR.
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It is worth noticing that the selected mode m and the hole
number M, have a clear corresponding relationship, and only
WGM with m = M, is selected, whereas other WGMs are sup-
pressed. In addition, as shown in Figure 2b, WGMs with
m= M, present a remarkably higher Q factor, which indicates
less scattering loss and better light confinement.”* In addition,
compared with multimode WGM (microtubular cavity without
mesh structure), Q factor of WGMs with m= M, is of the
same level with that of multimode WGM, whereas Q factors
of the other WGMs drop significantly. The selected WGM
(i-e., m = Mo) with the largest intensity and the highest Q factor
can be particularly explained by considering the distribution of
electric field. As shown in Figure 2¢, in the case of selected mode,
the electric field distribution matches with the designed periodic
mesh structure. The perfectly matched field distribution indi-
cates the mode is well confined in the structure, and this can
effectively reduce the possible scattering loss, showing a strong
mode intensity. However, as for the suppressed mode (m =37
for example), the electric field presents mismatched distribution
(Figure 2d). Severe scattering loss in this case causes the decrease
in resonant intensity, which is also reflected in the deterioration
of Q factor. Quantitatively, the maximum intensity of mode with
m = 38 is about 20 times larger than that of m = 37, whereas the
minimum value of m = 38 mode is nearly one seventieth of that
of m = 37. The distribution of electric field shown in Figure 2c,d
prove that the selected mode should correspond a far better res-
onance. In other words, the periodic structure induces differen-
ces in field distribution, causing varying degrees of scattering
loss. As a result, the structure-dependent single-mode selection
can be achieved by changing the geometry of the mesh structure.

Figure 3a shows the simulated resonant spectra upon varying
the hole size h from 650 to 700 nm. As shown in the figure, blue
shift is observed with the increasing hole size h, indicating an
effective method to manipulate the WGM resonant wavelength.
Similar to the case of varying period length, the linear decrease in
the wavelength can also be referred to the decrease in effective
refractive index neg (Figure S2a, Supporting Information), in
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Figure 2. Mode selection with structures of different period lengths. a) Resonant spectra and b) Q factor simulated with period length a varying from 968
to 1021 nm. Simulated Q factor of multimode WGM (microtubular cavity without mesh structure) is shown in yellow dotted line. c) Color-coded
distribution of z component of electric field (|E,|?) of mode with m = 38. d) Color-coded distribution of z component of electric field (|E,|%) of mode
with m =37. The intensities in (c) and (d) are normalized and shown in logarithmic scale, and the scale bar is presented at the bottom of (d).
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Figure 3. Mode selection with increasing hole size h. a) Resonant spectra simulated with varying hole size h from 650 to 700 nm (period length
a =994 nm). b) Resonant wavelength shifts with increasing hole size h. Corresponding DFB wavelength is shown with blue shadow. The lower blue
line marks DFB resonant wavelength corresponding to the inner surface, and the upper blue line represents the DFB resonant wavelength at the outer
surface. The inset is schematic of the wedge-shaped hole structure. c) Evolution of coupling wavelength along the radial direction. Sloping lines mark DFB
wavelength shift, and horizontal lines indicate the WGM resonant wavelengths. Inset: the intersection points with hole sizes varying from 630 to 724 nm,
with a step of 18.8 nm. The arrows show the increase in the hole size h. The curves corresponding to the same h are plotted with same color.

accordance with the formula: 7Dn.g= mA.5* The black squares
in Figure 3b correspondingly summarize the shift of modes with
m =37 as a function of hole size h. On the other hand, if DFB
effect is considered (Figure S2b,c, Supporting Information), as
Bragg’s law 2ang = glo indicates, where q=2 is the diffraction
order, 4y is the DFB resonant wavelength, and n4 is the effective
refractive index of the material, the wavelength should be linearly
proportional to ng, and thus increasing the hole size canlead to a
decrease in the DFB resonant wavelength t0o.°>! Moreover, it is
worth noting that the wedge-shaped hole (see also Figure 1le and
the inset of Figure 3b) leads to a varied period along the vertical
direction (e.g., from the inside to the outside surfaces), resulting
in an evolution of DFB resonant wavelength. Therefore, the DFB
resonant wavelength under a certain h cannot be treated as a sin-
gle value but a range. The blue shadow area in Figure 3b shows
the DFB resonant wavelength evolution while considering varied
sizes and the wedge-shaped nature of the periodic holes at the
same time. As the DFB resonant wavelength range is relatively
large, a few modes of different azimuthal numbers seem to meet
the wavelength-matching requirement. However, as mentioned
earlier, only when the structure-matching condition m = M, is
also satisfied can the mode selection approach be achieved. In
this case, WGM with m = 37 in the 37-hole structure is selected,
as shown in Figure 3b. To go into more details, Figure 3¢ shows
the wavelength evolution with increasing thickness (i.e., from
inner surface to outer surface of the tube wall). As nq is designed
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to be constant along the radial direction because of the constant
vacancy ratio, the DFB resonant wavelength increases linearly
with increasing diameter. When DFB resonant wavelength
equals to the WGM wavelength, the strong coupling can be
expected and therefore it leads to effective mode selection.
This phenomenon is further shown in Figure 3¢ with two typical
hole sizes (630 and 724 nm). As shown, the corresponding inter-
section points locate in a very narrow range, indicating that the
“coupling plane” is at an almost fixed position. A zoom-in view of
the crossing area with varied hole sizes is shown in the inset of
Figure 3c. With the increasing hole size h (see the arrows), both
DFB and WGM resonant wavelengths present a blue shift, caus-
ing tiny shift of the intersection point. The possible explanation
may be related to the evolution of the electric field distribution,
larger hole size corresponds to smaller dielectric area and
effective index, thus the scattering loss is aggravated and the
mode may have a tendency to move outward.

4. Switching between Single-Mode and
Multi-Mode WGM

To verify the conclusions derived from the simulation, the cor-
responding experiment was carried out with direct laser writing
(DLW) technique and transmission spectra measurements. As
shown in Figure 4a, based on two-photon absorption (TPA),

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 4. Resonant mode evolution along the axial direction. a) Schematic of the TPA-based DLW process. b) Schematic of the measured positions along
the axial direction. In the axial direction (shown as a yellow line), three positions are measured and simulated, as marked by blue, red, and black squares,
respectively. Inset: SEM image of the as-prepared sample. c) Measured transmission spectra and d) Simulated transmission spectra at different axial

positions.

DLW serves as a novel method to fabricate complicated micro-
structures due to the high accuracy and design freedom.”*>!
In our work, structure corresponding to our theoretical model
was successfully fabricated by a DLW approach, as shown in
Figure 4b and S3, Supporting Information. As the surface quality
plays an important role to its optical performance,’®” writing
route was designed to be along the circumstance to ensure
the surface smoothness (see Experimental Section for details).®!

Figure 4c,d, respectively, shows the obtained transmission
spectra and corresponding simulation. Three discrete locations
along the axis of the microtube, including the center plane,
the hole-array region, and the overhead region (see Figure 4b)
were investigated. It is noticeable that spectra at varied axial posi-
tions present significant discrepancy. The obvious difference can
be ascribed to the axial confinement diversity, verifying that the
single WGM at the center plane (blue lines in Figure 4c,d) is
obtained by the aforementioned mode selection from axial con-
finement. As have been illustrated earlier, WGMs at the center
plane are supposed to be affected by the DFB effect, thus
showing a single-mode feature. When the measured point is
moved to the periodic hole-array region, no visible resonant sig-
nal is observed (red lines in Figure 4c,d). The possible explana-
tion is attributed to the confinement of the mesh structure,
where light suffers from server scattering loss due to the discon-
tinuity characteristic of the structure. As a result, light can hardly
propagate and none of the WGMs can be observed. The phenom-
enon is also proved by simulation results shown in Figure 4d.
As the measured point continues to move to overhead region,
normal WGM with a multimode nature is obtained (black lines
in Figure 4c,d). A series of WGMs with an average FSR of
~245 nm can be seen in the experimental spectrum, similar with
the value derived from the simulation spectrum (41.5 nm). The
discrepancy between the experimental value and the theoretical

result can be attributed to the tiny size error between the design
layout and the fabricated microtubular structure. One can see
that the overhead region is far away from the hole-array region,
which lead to the failure of mode selection due to the coupling
between WGM and DFB resonant wavelengths. In other words,
the mesh-structured tubular microcavities exhibit a confinement
diversity along axial direction, and single-mode and multimode
types of WGM resonances can be switched by changing the axial
position.

5. Conclusion

In summary, we have demonstrated a tunable single WGM selec-
tion strategy. Combining the advantages of WGM resonance and
DFB effect, the tubular mesh-structured microcavity with axial
confinement can realize a wide-range mode selection at near
infrared wavelengths. The desired wavelength of single-mode
WGM is tuned by tailoring geometry of the periodic hole array,
and thus the current mode selection approach is of great flexibil-
ity and precision. The numerical simulations are confirmed by
the experimental result, and the switching between single-mode
and multimode WGM was experimentally achieved along the
axial direction. Our structure provides additional degrees of
freedom to manipulate the resonant spectra and the spatial
distribution of optical resonant modes, which should have a
promising future in fundamental and practical applications.

6. Experimental Section

FDTD Simulation of the Mesh-Structured Microcavity: FDTD method was
adopted to solve the 3D Maxwell’s equations due to the complexity of the
mesh-structured microcavity. Typically, a mesh-structured microcavity
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with inner radius Ry = 5.4 pm, outer radius R, =6.31 um (t=0.91 um),
and axial length L, =10 pm was considered in the 3D simulation. The
refractive index n of the tube was set to 1.48, which was the typical n value
of the negative resist after polymerization (see in the following sections).
Based on the perfect matched layers, reflection at the simulation domain
boundary was absorbed. 1D detectors were placed at the center plane
(at different positions along the axial direction in Figure 4d) in the tube
wall to monitor the intensity change, and 2D detectors were used to obtain
the electrical field distribution at resonant wavelengths. To get a clear
picture of the DFB effect in the structure, 2D FDTD simulation was used
to calculate DFB resonant wavelength with a simplified planar structure,
and more details can be found in Supporting Information.

Fabrication of Mesh-Structured Microcavity: The Photonic Professional
GT DLW system designed by Nanoscribe Company was applied to fabri-
cate the supposed structure. A pulsed erbium-doped femto fiber laser cen-
tered at 780 nm with a repetition rate of 80 MHz and 100 femtoseconds
pulse duration was used as the exposure source, which can polymerize the
applied negative photoresist (Nanoscribe IP-L 780) through a polymeriza-
tion process. To tightly focus the laser into the photoresist, an oil immer-
sion lens (Leica, 100x, numerical aperture NA = 1.4) was used, then the
resist at the focal spot of the laser was polymerized during exposure
and further retained in the subsequent development process. The target
structure was fabricated by scanning the laser beam throughout the resist
guided with the 3D structure designed by Describe 2.1 software (Figure S3,
Supporting Information). The fused glass substrate was cleaned with ace-
tone and isopropanol (IPA). After further drying process, the substrate was
dripped with a drop of resist on its center and fixed to the sample holder of
the DLW system. After the laser writing of the structure, the sample was
immersed into a propylene glycol methyl ether acetate solution for 30 min,
followed by rinsing in a bath of IPA for 15min to be freestanding.
Piezoscanning mode and continuous mode with high precision was
adopted in our experiment. To obtain the designed structure with high
optical quality, the writing route was designed to be along the circum-
stance. In this way, writing trace was parallel to the light circling direction,
and the desired surface smoothness can be achieved.

Morphological Characterizations: The morphological properties of the
as-fabricated microcavities were characterized via scanning electron
microscopy (SEM, JEOL JSM-6701F) and optical microscopy. Structural
parameters of the obtained microtubular structure are as followed: inner
radius Ry = 5.4 pm, outer radius R, = 6.31 um, thickness t = 0.91 pm, axial
length L, =10 pm, hole number Mo =31, and hole size h =650 nm.

Transmission Spectra Measurement: To obtain the optical characteristics
of the structure, transmission spectra measurement at near infrared wave-
lengths (from 1500 to 1620 nm) were carried out through a coupling
method. A single-mode, tunable external-cavity laser (Ando 4321D, line-
width 200 kHz) with a tapered optical fiber (waist diameter ~1pm)
was utilized to evanescently excite the WGM coupling of the microtube
cavity. The tapered optical fiber was homemade by heating and stretching
a commercial single-mode fiber (Corning SMF-28e) with two stepper
motor on both sides of the desired fiber waist. By vertically placing the
tapered fiber near the microcavity with the 3D micropositioning system,
some of the light can interact and couple with the microtube through its
evanescent field. Using an indium gallium arsenide photoelectric detector
(Thorlabs PDA10CS-EC), electrical signals converted by light left in the
fiber was further monitored by a computer with a general-purpose inter-
face bus data acquisition card (National Instruments). Therefore, through
sweeping the wavelengths of the laser over a wide spectral range, light
at certain wavelengths can couple into the microcavity and a series of
discrete WGMs are observed as Lorentzian-shaped dips in the transmis-
sion spectrum.

Supporting Information

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