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Mode-Selecting Micrograting Cavity Laser
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Abstract—We demonstrate a novel mode-selecting microcavity
laser composed of gratings and a microdisk and fabricated by
femtosecond-laser direct-writing technology. The microcavity laser
shows good directivity and a single longitudinal mode, resulting
from the mode coupling between the microdisk and gratings. The
lasing wavelength can be regulated by adjusting the grating period.
The properties of the laser were investigated and show good agree-
ment with theoretical calculation and simulation. Based on the
behavior and properties, this novel microcavity laser demonstrates
good application prospects in integrated microoptics devices.

Index Terms—Bragg grating, laser tuning, microstructure, mi-
crocavity laser, mode-selecting, photoluminescence, single mode,
whispering gallery modes.

I. INTRODUCTION

HISPERING gallery modes (WGMs) were proposed

by Lord Rayleigh in 1910, during a study on St. Paul’s
Cathedral. Microcavities, as a typical WGM structure, can limit
and magnify light waves by continuous total internal reflection
(TIR) along curved, smooth surfaces [1]. The small volume
and high quality factor (Q-factor) of microcavities suggested
significant potential applications in integrated micro-optics de-
vices, such as optical filters [2], biological sensors [3], [4], light
emitting devices [5] and quantum optics light sources [6]. The
high processing performance and unique function of microcav-
ity lasers have attracted significant attention in recent decades.
A variety of microcavity structures have been proposed, such
as microcolumns [7], microrings [8], [9], microdisks [10]-[12],
and microtoroids [13], [14].

Wavelength tuning can be difficult in conventional semi-
conductor microcavities because of the intrinsic energy level
structures of semiconductors. Dye-doped lasers may solve this
problem because of the density of energy levels they offer.
However, the dense energy levels result in a multiple-mode out-
put spectrum, which greatly affects the monochromatic nature
of the laser. To reduce redundant laser modes, many methods
have been proposed. One classic technique selects a single
mode from coupled cavities by means of the Vernier effect [15],
[16]. For example, Shang et al. realized a single-frequency
microcavity laser by coupling two asymmetric microcavities
[17]. In another method, the cavities are reduced in size, causing
the free spectral range (FSR) of a cavity to exceed the spectral
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width of the gain medium [18], [19]. Yu et al. acquired a
single-mode laser-emission photoluminescence (PL) spectrum
from a 4-pm-edge-length hexagonal microdisk [20]. A third
method, optimal for achieving single-mode lasing, uses the
design and fabrication of multilayered films or gratings with dis-
tributed Bragg reflection (DBR) or distributed feedback (DFB)
structures [21], [22]. In a typical example, Nesnidal et al. de-
veloped a single-frequency, single-spatial-mode, large-aperture
resonant-optical-waveguide (ROW)-DFB diode laser array [23].
Unfortunately, it is not plausible to select each available lasing
mode, as these works are limited by the materials or methods
utilized.

In this study, we demonstrate a novel grating/disk microcavity
laser fabricated by femtosecond-laser direct-writing (FSLDW)
technology. The significant coupling between the grating and
microdisk caused a significant reduction in the miscellaneous
output modes. The novel microcavity can achieve a single lon-
gitudinal mode with tunable capability, agreeing well with theo-
retical predictions. In addition, the emission laser showed good
and stable directivity. The microcavity laser could be widely
applied in integrated optical systems, especially in wavelength
regulation and directional coupling occasions.

II. THEORY AND EXPERIMENTS

In a WGM resonator, the light wave is trapped within the res-
onator by continuous TIR along a smooth curved surface. When
the formula 27nr = m . A, (in which n is the refractive index
of dye-doped resins with a value of ~1.6, r is the radius of the
disk, m is an integer, and A,, is the m-th order resonant wave-
length) is satisfied, standing light waves are formed; the energy
of the wave is magnified to an ultra-high level by multiple-wave
superposition.

The FSR refers to the difference between A,, and A,,_1,
which depends on the radius of the resonator. For a general
microdisk resonator with a diameter of 30 xm, many modes
chosen by FSR can be output, which can seriously damage the
monochromaticity of a microcavity laser.

To obtain a tunable single-mode microcavity laser, we de-
signed a novel grating/disk structure shown in Fig. 1(b). When
light is traveling in the cavity, the evanescent field of light exists
within tens to hundreds of nanometers of the cavity’s interface
and can interact with the surrounding environment [24]. Thus
the disk can easily couple with the gratings which serve as an
optical filter allowing only waves of selected wavelength to go
through. The selection rules could be defined by the optical grat-
ing equation d . n(sin 6;,, + sin 0y, ) = m’ « A,,s, where d is the
length of the grating period; n is the refractive index of dye-
doped resins with a value of ~1.6; 6, and 6, are the angles of
incidence and emergence, respectively, and equal to 7/2 here;
m’ is the order of the grating; and A, is the selected resonant
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Fig. 1. Grating/disk microcavity laser. (a) Structural model of a disk cavity
laser with homogeneous and various-modes emission. (b) Structural model of
a grating/disk cavity laser with directional and single-mode emission. (c), (d)
SEM images.

wavelength. The specific wavelength is selected only when the
appropriate parameters (here, the length of the grating period)
are satisfied.

The experiment is shown below. We chose the epoxy-based
negative resin SU-8 2025 (MicroChem) diluted with cyclopen-
tanone in a 1:1 volumetric ratio. Rhodamine B (RhB) dye, dis-
solved in ethanol to a concentration of 8% was added to the
mixtures. The resulting dye-doped SU-8 resin contained a mod-
erate amount of RhB at a concentration of 1 wt.%. The dye-
doped resin was dip-coated on a glass substrate with a thickness
of ~1 mm for subsequent fabrication by FsLDW, following
the procedures detailed here. The fabrication was performed on
a three-dimensional displacement platform with an optic axial
angle controlled by a system of two-dimensional scanning mir-
rors system; the height of the platform, parallel to the optical
axis, was controlled through a piezoelectric micro-plate. High-
intensity pulses from a femtosecond-laser oscillator (Tsunami,
Spectra Physics) with a central wavelength of 790 nm, pulse
width of 120 fs, and repetition rate of 80 MHz were tightly
focused by a high-numerical-aperture (NA = 1.35) 100 x oil
objective lens onto the prepared dye-doped resin. The designed
grating/disk microcavity laser was obtained through spot scan-
ning, set via two-photon polymerization.

Fig. 1(c) and (d) depict the top- and side-view scanning elec-
tron microscope (SEM) images of a grating disk microcavity,
composed of a grating disk with a diameter of 30 yum and a
thickness of 1.2 pum (top) and a 7-pm-high truncated conic base
with an upper radius of 8.5 ym and a lower radius of 5 pm.
One-third of the top surface edge of the disk is occupied by
grating structures with a period of ~1.6 pm.

The absorption band of the RhB-doped SU-8 occupies the
range from 520 to 580 nm, so we selected a pumping light
source with a wavelength of 532 nm provided by a doubling
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Fig. 2. One single-mode emission spectrum of the grating disk laser. Inset:
magnification of emission peak.
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Fig. 3. Normalized intensity of emission light as a function of pumping laser
power. The fitting curve illustrates a threshold as low as 0.31 mJ/cm?.

crystal. The pumping picosecond laser had a pulse width of
15 ps, wavelength of 1064 nm, and repetition rate of 50 kHz. To
obtain the accurate excitation threshold of the grating disk laser,
a 20 x objective lens was added to the testing light path. The
objective lens can focus the pumping light tightly onto the disk
with a spot size of ~50 pum which can be adjusted by changing
the distance between the lens and the substrate. In addition,
a charge coupled device (CCD) camera was used to maintain
the position of the light spot in the experimental process. This
permitted the acquisition of greater precision in measuring the
excitation threshold.

III. RESULTS AND DISCUSSION

In order to demonstrate the performance of the microcav-
ity laser, we separately tested its monochromaticity, excitation
threshold, directivity, and selectivity.

Fig. 2 depicts one stimulated emission spectrum of the grating
disk with a period length of ~1.6 pm. It shows a single-mode
emission at ~641.6 nm, close to the mode at ~641.7 nm in the
stimulated emission spectrum of a single disk without gratings,
as shown in Fig. 5(a). The single-mode spectrum has a Q-factor
of 2790, calculated according to Gaussian fitting. The inset of
Fig. 2 shows a clear full width at half maximum of 0.23 nm.

To improve the accuracy of the measured threshold pumping
power of the microcavity laser, we improved the testing system
mentioned above and used a method that increased the pumping
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Fig. 4. Lasing intensity distribution of emission light from different angles;
output direction coincides with relative position of gratings.

power and left other conditions unchanged. The fitting curve
illustrates a threshold energy density as low as 0.31 mJ/cm?,
close to that of a microdisk cavity without gratings [25]. The
result indicates that the gratings have very little negative effect
on the stimulated emission.

The directionality of the laser eradiation was tested on a ro-
tating 3D displacement platform, in which the detection head
of the grating spectrometer has a permanent position, which
ensures that the detection is in the same direction. Three micro-
cavity lasers with various wavelengths were tested. They show
good output directivity, as shown in Fig. 4. The output direc-
tion coincides well with the relative position of the gratings
on the disk (the background image of Fig. 4), demonstrating
that this optical device has a good relative-direction emission
output. The mechanism of directional radiation may attribute
to the coupling dissipation. When light wave is going through
the gratings’ field, the coupling dissipation provides much more
possibility to emit than the field without gratings.

Fig. 5(a) shows a stimulated emission spectrum of a sin-
gle disk with a diameter of ~30 pm, which exhibits multifar-
ious modes with an FSR of about 2.6 nm. When gratings are
added to the disk, each mode can be selected individually. The
mode-selection results are shown in Fig. 5(b—f). The five sin-
gle modes with peaks at ~636.1 nm, ~637.9 nm, ~641.6 nm,
~644.5 nm, and ~647.2 nm correspond, respectively, to the
multimode peaks [see Fig. 5(a)] of ~636.4 nm, ~638.8 nm,
~641.6 nm, ~644.2 nm, and ~646.9 nm, demonstrating the
frequency selection ability within an allowable range of error.
The multimode spectrum has an average Q-factor of 1280 which
is much smaller than the Q-factor of 2790 of single-mode spec-
trum. This shows that gratings have the ability of narrowing
peak shape to some extent.

In theory, for a grating period length of 1.61 pm, the grating
would select the resonant wavelength of 642 nm, according to
the optical grating equation with m’ at the eighth order, which
approaches the experimental result of 641.6 nm. We designed
the 3D point-cloud data of the grating disk structure with a
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Fig. 5. Selected single-mode spectra of the grating/disk laser from a multi-
modal spectrum of a single disk laser. (a) Multi-modal spectrum of single disk
laser. (b-f) Single-mode spectra of grating/disk microcavity laser, selected from
spectrum (a).

grating period length of 1.6 pum using special software; the
real length of the grating on the disk ranges from 1.5 pm to
1.7 pm because of systematic errors. The selection of emission
output wavelengths is difficult to control under the current fab-
rication conditions. However, the frequency selection ability of
the grating/disk structure has been demonstrated in reality. For
further research, we will attempt to control the grating period us-
ing other substituting photoresists or optimizing the processing
conditions.

IV. CALCULATION AND SIMULATION

To further explain the mode-selection mechanism, a model
based on coupled-mode theory of Bragg reflectors [26] has been
proposed. In this model, the Eq. (1) is utilized to characterize
the selection of the grating, which is illustrated with red lines in
Fig. 6(a-d). The Eq. (1) is

* ol h2 L
R_ : K*ksinh® s — 0
s2cosh”sL + (AB/2)"sinh”sL

given by Eq. (6.6-10) in the reference [26], where « is the
coupling coefficient, L is the length of the grating, s is given by
s? = k*k—(AB/2)* and A is the phase-mismatch factor. The
black lines represent identical multimode spectra with a FSR of
2.6 nm, which were calculated, according to Eq. (2) of reference
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Fig. 6. Calculation diagram of mode-selection mechanism.
[27], by
1
D= 4T 2 L (2)
2 .92 (n,Lnw
1+ (_rzy7sin ( e Ak)

where L = 27 R is the circumference of the disk, n, = A?/
(L. FSR) is the group refractive index, and T is sensitive to
laser gain. The selected modes are illustrated with blue lines.
The calculation results match well with the experiment results
(Fig. 5) and the simulation results [see Fig. 7(a)].

In order to more vividly express the mode-selection mecha-
nism of the grating, COMSOL Multiphysics simulation software
was used to depict the progress of excitation light within the
cavity based on the electric field intensity, using finite-element
methods. A point magnetic dipole is added to the 2D grating/disk
[see Fig. 7(b—d)] to imitate the pumping light with a frequency
domain ranging from 4.65 x 10'* Hzto 4.91 x 10'* Hz; a point
probe is used to detect the electric field intensity on the grating
side. Fig. 7(a) depicts the simulated electric field intensity via
the point probe; it demonstrates a much higher-intensity peak
[peak 2 in Fig. 7(a)] compared to the side peaks [peaks 1 and
3 in Fig. 7(a)]. Fig. 7(b—d) depict electronic field intensity dis-
tributions of the grating/disk microcavity laser, corresponding
to peak 1(4.7534 x 10™* Hz), peak 2(4.7744 x 10"* Hz), and
peak 3(4.7974 x 10" Hz) in Fig. 7(a). Fig. 7(e—g) depict the
respective enlarged views of the grating area.

The enlarged views of the electronic field intensity distri-
butions near the grating area clearly demonstrate the frequency
selection ability of the grating. Frequencies of 4.7534 x 10'* Hz
and 4.7974 x 10** Hz cannot easily cross the grating structure;
thus, much more energy is lost, seriously restraining the for-
mation of resonance oscillation. Only emissions at 4.7744 x
10'* Hz can cross the grating structure easily and form res-
onance oscillation. As a result, peak 2 is much higher in in-
tensity than the other two peaks. In reality, the grating/disk is
a 3D structure; when the light couples from the disk to the
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Fig. 7. COMSOL Multiphysics simulation of grating/disk laser. (a) Intensity

spectrum of electric field via a point probe. (b), (c), (d) Intensity distributions
of peaks 1, 2, and 3, respectively. (e), (), (g) Enlarged views of grating area.

grating, it passes through air, which amplifies the energy loss.
Non-selected frequencies, like those of peak 1 and peak 3, are
weakened significantly, while the emission of peak 2 is rela-
tively strengthened. Fig. 7(c) also illustrates that the emission
intensity from the grating area is stronger than the other area.

V. CONCLUSION

In conclusion, we have designed and fabricated a mode-
selecting grating/disk microcavity laser. The laser has not only
the ability of specific mode selection, but also the properties of
directional emission output and low excitation threshold. The
calculation and simulation clearly demonstrate the mechanism
of the grating’s mode selection. The proposed grating/disk laser
offers one solution to wavelength tunability, significant in the
development of functional integrated organic optoelectronic
devices.
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