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Abstract. We have fabricated microdisk lasers of colloidal quantum dots in circular and ellip-
tical forms with different aspect ratios. By characterizing the laser emission spectrum under
optical pumping and through mode simulation calculations, we demonstrate that the elliptical
resonators can display two sets of whispering-gallery modes that interact to varying degrees
depending on the aspect ratio. This causes significant mode splitting in the emission spectra
when the mode interaction is at maximum. We also performed angular-dependent laser emission
measurements for characterizing the emission pattern of the microlasers. We found that the emis-
sion pattern becomes less isotropic and more directional as the boundary deviates further from
circular symmetry. In addition, we demonstrate that the emission directional properties of these
microlasers can be further tailored by coupling pairs of elliptical microcavities together in differ-
ent manners, where the long or short elliptical axis interacts most strongly. © 2018 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JPE.8.032218]
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1 Introduction

The miniaturization of lasers represents a significant research effort for the purposes of devel-
oping microchip scale optical telecommunications networks and microsensors. Microcavity
lasers have the advantages of small modal volume and highQ-factors due to strong light confine-
ment effects that can help to achieve low thresholds and fine spectral tuning.1,2 In particular, the
class of curved-boundary optical cavities, where confinement is based on total internal reflection
such as the sphere,3 disk,4 or toroid5 configurations, have achieved remarkable “figure of merit”
and have been found useful in numerous applications and studies. These devices support
“whispering-gallery modes” (WGMs) that propagate near the circumference of the microdisk
and emit isotopically in the circular plane via evanescent leakage, or quantum tunneling in
the photon picture.6 Although such a low loss cavity is beneficial in rendering narrow line-widths
and low pump thresholds, the highly valued property of directional emission is lacking.
In fact, outcoupling of light in such lasing elements has been traditionally difficult.7 Therefore,
additional efforts have been made to impart directionality to these devices.

The majority of these efforts have involved boundary deformations of microdisk cavities.8–12

These efforts have been fruitful in obtaining more directional emission patterns, and, in parallel
have shown interesting spectral behavior due to the occurrence of chaotic ray dynamics.12

Consequently, these curved structures have simultaneously provided for explorations in
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interesting quantum phenomenon such as studies of quantum chaos via classical
correspondence.2,12 While it can be shown analytically that elliptical cavities will not produce
chaotic dynamics,13 the implications for the spectral and directional properties of these structures
should be interesting as well. For example, tuning the deformation in liquid droplet WGM lasers
enabled the observation of an exceptional point in the non-Hermitian optical Hamiltonian of the
system.14 Such non-Hermitian systems have become of dramatically increasing interest due to an
intriguing new avenue in optics based on parity-time symmetric systems, a field that itself has
relied heavily on WGM resonators,15–18 a field where Vardeny has been recently involved with.

Furthermore, detection and sensing are some of the more promising applications for WGM
microcavity lasers. In this case, the adhesion of particles or a change in environmental param-
eters will result in a noticeable change in spectral properties of the laser due to its strong
sensitivity to the cavity surface.19,20 This essentially represents the other side of the interest
in boundary deformation, where instead of intentionally disturbing the boundary to achieve
a desired property, the change in laser properties can be used to register and characterize
an environmentally related event. Therefore, both endeavors will benefit from an increased
understanding of the way such deformations from circular boundaries affect the spectral and
directional characteristics of the microlasers.

Here, we investigate the emissive properties of elliptical microcavity lasers based on CdSe/
ZnS core/alloyed-shell colloidal quantum dots (CQDs). The CQDs were optimized for lasing
performance and exhibit reduced nonradiative recombination due to enhanced exciton delocal-
ization and reduced surface trapping as well as optimized solid-state packing and optical con-
stants, as previously reported.21,22 Fabrication of microresonators from solution-processable
semiconductors such as CQDs is particularly advantageous due to their high optical gain
and ease of fabrication, as well as compatibility with many substrates for on-chip integration.
Furthermore, the emission wavelength can be controlled by the size of the CQDs to allow for
flexibility in the working spectral range.

2 Experimental Methods

To fabricate QD microcavities, first, a low refractive index layer of CYTOP (n ¼ 1.34) was
deposited onto the silicon wafer (n ¼ 3.44) in order to sustain waveguiding with the QD cavities.
CYTOP solution was spun cast on the Si substrate with a spin speed of 2500 rpm for 3 min, then
baked at 100°C for 30 min. This process was performed twice to achieve a film thickness of
1.5 μm. Next, oxygen plasma etch (5 s) was used to improve the wettability of the CYTOP
surface for the deposition of the negative photoresist (NR 71-3000p). Subsequently ethyl lactate
was added to the negative resist NR71-3000p solution to dilute it to one-third of the original
concentration, and then spun cast onto of the CYTOP/silicon substrate (at 3000 rpm, for 1 min).
The film was then baked at 165°C for 5 min, exposed to UV with a dosage of ∼125 mW and then
postbaked at 100°C for 5 min and developed in RD6 developer for 5 s. The film was then rinsed
with water and dried by blowing with air. The QD microcavities were fabricated by spin casting
butylamine-capped QD solution (in heptane) of ∼3 to 6 mg∕mL at 1000 rpm for 1 min onto the
polymer pattern. The cast layer was subsequently immersed in 0.1-M diaminoheptane solution in
methanol for 1 min and rinsed with methanol two times while spinning at 3000 rpm for 1 min.
This process was repeated multiple times until the desired thickness was achieved. Finally, the
polymer resist was removed by soaking the samples in acetone while sonicating for 3 to 10 s.

The fabricated samples were characterized using a home-built microphotoluminescence
setup. Optical pumping to achieve laser action was carried out using a ps-laser at 532 nm
that was focused on the sample through a 40× (NA ¼ 0.65) microscope objective using a
dichroic mirror. Emission was collected using the same objective and transmitted via an optical
fiber to a ½ met. monochromator spectrometer. Alternatively, emission images were recorded
using a camera. The intensity of the pump was controlled using a pair of polarizers. The angular
dependence of the laser emission from the microdisks was collected using a 125-μm-diameter
bare optical fiber mounted on a rotational stage and rotated in the horizontal plane. The fiber was
held at ∼1.5 mm from the rotation axis during the measurement, giving a full-width angular
resolution of about 5 deg.
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Finite-difference time-domain (FDTD) simulations of the electromagnetic (EM) field propa-
gation different shaped cavities were performed using the Lumerical software package.

3 Results and Discussion

3.1 Spectral Properties of Microellipse Lasers

Figure 1(a) shows absorption and photoluminescence (PL) spectra of the core-shell CQDs used
in this work. The absorption peak of the 1S exciton is found at 624 nm, and the PL shows a small
Stokes’ shift placing the emission peak at 630 nm. The PL quantum yield in solution was deter-
mined to be 50% after ligand exchange.22 The emission spectrum of a circular microdisk laser of
diameter D ¼ 25 μm under pulsed excitation is shown in Fig. 1(b). At low fluence, only a spon-
taneous emission (PL) background is obtained. Upon increasing the fluence to 46 μJ∕cm2, nar-
row cavity modes emerge at the center of the gain bandwidth near 638 nm. Upon further increase
of the pump fluence, more modes emerge from the spontaneous background and grow in inten-
sity. We see a single set of modes with the expected free-spectral range, Δλ, given approximately
by the relation Δλ ¼ λ2∕ðneffπDÞ, where neff is the effective mode index of refraction. The fluo-
rescent image shown in the inset of Fig. 1(c) shows a uniform and bright circumference. Since
the light is well confined inside the cavity through total internal reflection, the emission orig-
inates from “photon tunneling” through an optical barrier. This occurs uniformly in the plane of
the disk, as verified by the isotropic angular dependence of the emission displayed in Fig. 1(c).
From the above considerations, we conclude that the emission pattern is attributed to WGMs
inside the microcavity. The Q-factor of the modes is estimated from the relation λ∕Δλ. The
central modes exhibitQ-factor values of ∼1300 at high fluence, where Δλ approaches minimum
values of 0.4 nm. This slightly larger than the instrument resolution of 0.29 nm and is probably
limited by self-absorption and scattering losses.

Fig. 1 (a) Optical density, OD, (blue) and photoluminescence, PL, (red) of a thin film of CQDs.
(b) Laser emission spectra from a circular microdisk cavity for various pump fluences as indicated.
(c) Collection-angle dependence of the laser emission in the plane of the disk with fluorescent
image at the center.
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We next explore deviations from circular symmetric resonators by examining elliptical struc-
tures of varying aspect ratio. The structures investigated here all possess a long axis of 25 μm and
have variable length short axis. We characterized samples of ρ ¼ 0.68, 0.72, 0.80, 0.88, and 0.92.
In Fig. 2(a) we present the emission spectrum of an elliptical microdisk with ρ ¼ 0.68.
In contrast to the circular disk shown in Fig. 1(a), here we observe two overlapping sets of
peaks. We extract the mode splitting of different peaks and plot it in Fig. 2(b). The trend is
nearly linear with the splitting decreasing at longer wavelengths. This suggests the possibility
that the emission spectrum results from two sets of modes with slightly different Δλ’s.

The spectrum shown in Fig. 3(a) is typical for the ratio ρ ¼ 0.8, characterized by a very large
splitting of the primary WGM mode progression, such that the splitting approaches half the
natural Δλ of the resonator. A useful means of quantifying this behavior is to perform a fast
Fourier transform (FFT) of the spectrum, as displayed in Fig. 3(b). By first converting the spec-
trum to units of μm−1, the FFT gives peaks at harmonics of the primary optical path of the lasing
modes. Comparing the FFT of a uniform spectrum from a ρ ¼ 1 sample (red) to that of the
ρ ¼ 0.8 sample in Fig. 3(a) (blue), we see that the ratio of the first to the second harmonic
is drastically altered, as the splitting pushes the periodicity toward half of the FSR and adds
spectral weight to the second harmonic. We note that the first harmonic for the cavity of
ρ ¼ 0.8 is significantly broader compared to that of a circular cavity. This may suggest the pres-
ence of distinct optical path lengths separated by a small length difference. Unfortunately,
the numerical precision is not enough to more clearly resolve this effect.

In Fig. 3(c), we show the ratio of first and second harmonics of the FFT for a number of
samples with different ρ. There is a clear and stable minimum at ρ ¼ 0.8 showing that the largest
splitting occurs at this ratio within the range of samples measured. Before considering the
mechanism behind the different degrees of mode splitting that occurs in different shaped res-
onators, we point out that using the position of the first harmonic of the FFT we can reliably
extract the primary path length and thus Δλ. In Fig. 3(d), we plot these values for various res-
onators having different values of ρ. The line through the data points shows the expected relation
using the perimeter of the ellipses to replace the circumference of the disk (neff πD) with the
previously determined index, neff ¼ 2. The close agreement here shows that the modes are of
elliptical WGM nature, that is, Δλ is still controlled by the optical path length at the perimeter,
which, in turn depends on the ratio ρ.

We next turn to FDTD simulations of the EM field amplitudes of WGMs in these structures.
Figure 4(a) is the simulation of an ellipse with ρ ¼ 0.8. It indicates that the resonator supports
WGMs with different radial mode index. The outer and inner circles correspond to the two sets of
WGM in the spectrum. These two sets of modes have considerable spatial overlap with each
other, which leads to coupling between them. Such a coupling produces mode splitting in the
observed emission spectrum consistent with the data. Since the mode splitting is proportional to
the coupling strength, the strong mutual interaction between these two mode sets explains
the large splitting observed.

Fig. 2 (a) Spectrum of ellipse microdisk with aspect ratio of 0.68. (b) The mode splitting wave-
length of each peaks.
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The variation of ρ will deform the WGM and subsequently control the intracavity interaction
between these modes. In Fig. 4(b), we see that the simulation of ellipse with ρ ¼ 0.68 shows the
deformation of WGM modes are very large due to low aspect ratio, which causes small and
nonuniform spatial overlap and thus low coupling strength. Hence, the spectrum contains
two sets of modes with distinct Δλ due to the difference in optical paths as shown in Fig. 2.
For the ellipse with ρ ¼ 0.92 [Fig. 4(c)], the deformation of the cavity is not large enough to
separate radial mode index.

Fig. 4 (a) Simulation of the EM field in several elliptical microcavities with (a) ρ ¼ 0.80,
(b) ρ ¼ 0.68, and (c) ρ ¼ 0.92.

Fig. 3 (a) Laser emission spectrum from an elliptical microcavity with the ratio of short axis to long
axis, ρ ¼ 0.8. The inset shows the fluorescent image of the laser measured above threshold.
(b) Power FFT of a resonator with ρ ¼ 1 (red) compared to that of the spectrum shown in
(a) (blue). (c) The ratio of the first to the second harmonic of the FFT for different elliptical micro-
cavities with different values of ρ. (d) The extracted primary optical path length from resonators of
different ρ. The various symbols represent different microcavities measured for each value of ρ.
The line through the data points is the expected path length based on the perimeter of each ellipse
taking a constant neff ¼ 2.
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Fig. 5 (a) Collection-angle dependence of the laser emission with fluorescent image at the center
for an elliptical cavity with (a) ρ ¼ 0.8 and (b) ρ ¼ 0.68.

Fig. 6 (a) Collection-angle dependence of the laser emission from a pair of elliptical cavities
(ρ ¼ 0.68) with H-type coupling and fluorescent image to the right. (b) Same as in (a) but the
two ellipses have J-type coupling.
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3.2 Directional Emission of Microellipse Lasers

The directionality of the laser emission is also influenced by the microcavity shape. As shown in
Fig. 5, the emission pattern evolves from the isotropic pattern in circular structures [Fig. 1(b)] to
a dipolar pattern with decreasing ρ. In Figs. 5(a) and 5(b), we show the angular dependence of
the emission for elliptical cavities with ρ ¼ 0.8 and ρ ¼ 0.68, respectively. It is clear that the
emission is preferentially emitted perpendicular to the long axis of the ellipse, and increasingly
so as the boundary deviates further from circular symmetry. This is also evident from the FDTD
simulations of Fig. 4(b), where the leakage from the structure occurs much more strongly near
the points of the highest curvature. As discussed in Sec. 1, one of the significant draw backs of
WGM lasers is that strong light confinement limits the output to the quantum tunneling effect
and inhibits directionality. The results here suggest a simple means to overcome these
limitations.

Finally, we also studied a series of coupled elliptical microcavity pairs as shown in Figs. 6(a)
and 6(b). In analogy to molecular dipole interactions, we refer to the case when the coupling axis
is perpendicular to the long axis of the ellipses as “H-type” coupling [as in Fig. 6(a)], whereas
when the coupling axis is along the long axis we refer to this as “J-type” coupling [see Fig. 6(b)].
When two elliptical cavities join together, the directional emissive property is enhanced.
Figure 6(a) shows the emission image and angular dependence emission of an H-type ellipse
pair both having aspect ratio of 0.68. Since each single disk has directional emission along the
short axis, one disk acts as a lens to amplify the outcoupling of the other one in this direction.
Consequently, compared to single ellipse, the directional emissive property is enhanced. Figure 6(b)
shows the situation when two disks are J-type coupled. It is seen that this type of structure gives a
very interesting cross pattern. The point of intersection of the two ellipses acts as scattering
element, leading to narrow cones of light in specific directions. This demonstrates yet another
way to control the directionality of laser emission in WGM resonators.

4 Conclusion

We have studied the laser emission spectral and directional properties from ellipse semiconduc-
tor microdisk laser with various aspect ratios. We found that the ellipse microcavity generates
two sets of modes. When the aspect ratio is ∼0.8, the coupling between these two sets of
modes reaches maximum, and consequently the emission spectrum shows maximum splitting.
Reducing the ratio even more reduces the mutual interaction between these mode sets and
reduces the splitting. We also show that the aspect ratio of the elliptical cavities leads to direc-
tional emission, and this property can be further enhanced and tailored by coupling the micro-
cavities together. These properties hold promise for improving the functionality of such lasers by
providing simple means to obtain desired directionality.
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