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We report a simple and robust mechanism that can result in highly directional emission from long-lived resonances
in microcavities. By placing a nanoparticle (NP) into the evanescent wave region of microcavities, highly directional
outputs with divergence angle ~1.9°-10° can be obtained in single or double directions. The perturbation of NP on
evanescent waves preserves the high-quality (@) factors, and the collimation of microcavities generates the highly
directional outputs. Our numerical simulations show that this mechanism is very robust to the size of NP and the

refractive index/separation distance/size of microcavities.

OCIS codes: 140.3945, 230.3990.

Microdisk lasers, regarded as candidates for optical
sources for hybrid optoelectronic circuits, have triggered
intense basic and applied research interests in physics
over the past decade [1,2]. Basically, such researches
can be categorized in two groups. The first is high-quality
(@) microdisks, which promise microdisk lasers to oper-
ate with very low energy cost [1]. The second group is
deformed cavities [3], which can produce directional out-
puts by tailoring cavity boundaries. However, in real ap-
plications, those two groups are significantly restricted
by uniform output and @ spoiling, respectively. A Lima-
con-shaped cavity, which combines high @ and unidirec-
tional output, has been proposed [4] and experimentally
realized [5] recently. However, its divergence angle
(~40°) [4-6] is too broad.

Another approach to produce directional output with-
out serious @ spoiling has been proposed by placing scat-
ters into a circular disk [7-9]. However, after the scatters
are placed inside the resonator, the resonances can be
separated into high-Q modes (HQMs) and low-Q modes
(LQMs). HQMs are away from scatter and result in an iso-
tropic far-field pattern (FFP). LQMs are strongly scat-
tered and can form directional outputs in FFPs [7-9].
But their @ factors are not the highest and will not be
excited easily in experiment. Applying level crossing be-
tween HQM and LQM, the superstates can provide high-@
and unidirectional emission simultaneously [7]. But the
experimental results will also be destroyed by the degen-
eracy with other nondirectional emission HQMs [4].
Therefore, seeking a mechanism for both high-Q and
highly directional emission is very challenging and is
essential. In this Letter, we demonstrate one possible ap-
proach to achieve this goal.

The key of our finding is based on the focusing effect of
dielectric microcavities [10]. As shown in Fig. 1(a), when
plane waves illuminate a dielectric microcylinder, they
will be focused to a bright spot (approximately half
wavelength in width and several wavelengths in length),
referred to as nanojet (NJ) [10,11]. Considering the time-
reversal property of the focusing effect, light from a point
source at the position of NJ can also be collected and
then collimated to a narrow beam. In microcavity re-
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search, we replace the point source with a nanoparticle
(NP), which can scatter the resonant modes of the micro-
disk. Because the scattering loss is much larger than tun-
neling at the boundary, this NJ becomes the main leaky
channel of microcavity and therefore works like a point
source. The scattered light is then collimated by the mi-
crocavity into a highly directional beam. According to the
previous research on the NJ [10,11], the focusing effect
can be observed over a wide range of cavity size and
refractive index. Thus its time-reversal process of
highly directional emission should be also very robust.
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Fig. 1. (Color online) (a) Plane wave is focused into a nanojet
by a microcavity with R = 5 ym. (b) Eigenvalues in microcavity
with a nanoparticle. The radius of NP is ~250 nm away from the
cavity edge with Ry = 250 nm. (c) Far-field angular distribution
of total emission with Re(kR) ~25.198 (d) FFPs log(|E.|) of
symmetric (left) and antisymmetric modes (right). 2z direction

is vertical to the plane. The scale bar in left panel is 10 ym,
which is valid for all of the other field patterns.

© 2011 Optical Society of America



104 OPTICS LETTERS / Vol. 36, No. 2 / January 15, 2011

Meanwhile, as the NP is placed outside the resonator,
only the evanescent waves are slightly scattered. High-
@ factors of long-lived resonances will be preserved in
this design. Therefore, placing a NP in the evanescent
wave region of microcavity will be an effective and ro-
bust way to obtain highly directional outputs and high-
Q factors.

The simple mechanism analyzed above is then tested
with numerical computation (Comsol Multiphysics
3.5a) [6,12]. Here microcavity is considered as a two-
dimensional system. The refractive index is set as
1.757 (for Sapphire) and polarization is TM (¥ is perpen-
dicular to plane). An NP with a radius of about 125 nm is
placed 125 nm (edge to edge) away from a microcavity
with R = 2.5 ym. Figure 1(b) shows the eigenvalues in-
side such a resonator around kR ~ 24, where k is the
wave vector and R is the microcavity radius. Many reso-
nances with different azimuthal number (m) and radial
number () can be observed. Here we are focusing on
the highest @ modes (n = 1) above the dashed line, be-
cause they are the typical lasing modes in actual experi-
ments. As the @ factors are orders of magnitude lower
than cavity without scatter (~9 x 10®), the scattering loss
from NP is dominant here. Figure 1(c) shows FFP of
one HQM at kR = 25.198, which corresponds to opera-
tion wavelength ~624 nm. This FFP and all of the
FFP below include the angular distributions from both
symmetric and antisymmetric modes. Highly directional
output with divergence angle ~5° can be observed in the
opposite direction of the incident plane wave in Fig. 1(a).
This is almost the same as our above qualitative analysis.
The high @ mode is slightly scattered by NP and the scat-
tered light is collimated by microcavity. Figure 1(d)
shows the field pattern of log |E,| with different symme-
tries. Highly directional emission can also be directly ob-
served from the field pattern at 40 ym away from the
cavity. Meanwhile, high-@ factors in Fig. 1(b) can be un-
derstood from the localization as whispering-gallery
modes.

However, besides the collimated beam along § = 180°,
there are strong emissions along other directions. The in-
tegrated intensity inside the collimated beam [calculated
with U = 3" [% 1(0,)d(6;)/ |7, 1(0)d(0), where 0; is the
divergence angie of each beam] is only ~14%, as is
clearly shown in Figs. 1(c) and 1(d), where significant
field distribution can be observed within —90° < 8 < 90°.

To increase the collection efficiency of emitted energy,
we place another microcavity next to the NP. As shown
in Fig. 2(a), the second microcavity has radius Ry = R+
0.01 = 2.561 ym. The separation distance between two
microcavities is 2d = 500 nm, and the size of NP is
Ry = 125 nm. The refractive index (n) is kept at 1.757.
While the twin coupled cavities structure, sometimes re-
ferred to as the photonic molecule structure, is a popular
topic, here we select two cavities of different sizes
to avoid possible coupling, for more general cases.
Figure 2(b) shows the FFP of such a design. In addition
to the beam at & = 180°, highly directional emission can
also be observed at § = 0°, which is formed by the col-
limation of emission in other directions in Fig. 1(c). As
only 14% light can be collected by single cavity in Fig.
1(c), the intensity of beam at ¢ =0° is much larger
and its divergence angle is ~8.8°. We also calculated
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Fig. 2. (Color online) (a) Schematic picture of two cavities

with a NP. (b) FFP from the same resonant mode in Fig. 1. (c),
(d) Field patterns log|E.| of symmetric and antisymmetric
modes. Highly directional beams can be observed even
40 ym away from cavities.

the collection efficiency of two cavities, which is greatly
increased to 56%. This means that more than half scat-
tered light are collected and collimated here. Such a high
collection ratio can also be estimated from the log scale
field patterns in Figs. 2(c) and 2(d), where two highly di-
rectional beams can be observed in each figure.

In conclusion, we want to discuss the robustness of
our mechanism. As we have mentioned in the qualitative
analysis, with the selected cavity size, particle size,
refractive index, etc., our design should be very robust.
Here we numerically verify this hypothesis. Figures 3(a)
and 3(b) show the dependence of FFPs on the refractive
index (n) and cavity size (R). Here all the settings are
kept the same as Fig. 2 (including R3 — R = 0.01 ym)
except the varying parameters. From the results in
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Fig. 3. (Color online) (a), (b) Dependence of divergent angles

on refractive index (n) and cavity size (R). Other parameters
are same as in Figs. 1 and 2. (¢), (d) Dependence of divergence
angle on separation distance between cavities (d) with Ry =
125 nm and the size of NP (R,) with d = 550 nm. Other param-
eters in (c), (d) are set as: n = 1.757, R =5 ym, R3 = 5.01 pym.



Figs. 3(a) and 3(b), we can clearly see that highly direc-
tional emissions with divergence angle below 10° can be
obtained over a wide range of refractive index and cavity
size. We have also tested the tolerance of directional out-
put on the separation distance and size of NP. The results
are shown in Figs. 3(c) and 3(d). Here n, R are kept at
1.757, and 5 ym and R, = 125 nm for Fig. 3(c), d =
550 nm for Fig. 3(d), respectively. Highly directional
emission can still be obtained from different separation
distances and sizes of NP. Therefore, we can conclude
that our designs are very robust in experimental condi-
tions and should be feasible in many types of materials,
ranging from glass and polymer to sapphire.

The variation of divergence angle in Fig. 3 is caused by
the relative position between focus point of circular cav-
ity and the scatter. Changing the radius of the circular
cavity can slightly vary the focus point to, and then away
from, the scatter and results in a minimum divergence at
R =4 m in Fig. 3(b). Meanwhile, the scatter will be par-
tially out of the focus and generate a larger divergence
angle when its size is gradually increased in Fig. 3(d).
In our simulation, the best obtained divergence angle
is ~1.9°in Fig. 3(d). The inset in Fig. 3(b) shows the FFPs
at some points. Clear unidirectional output with diver-
gence angle ~5.5° can be observed. This unidirectional
output is generated because the collection ratio is greatly
increased by the collection of the second cavity, making
the intensity along 8 = 0° about six times (86% : 14%) lar-
ger than it is along 8 = 180°. The inset in Fig. 3(c) shows
the corresponding changes in @ with the separation dis-
tance. With increased separation distance, the NP is
further away from the cavity. Considering the exponen-
tial decrease in amplitude of the evanescent waves, the
scattering of NP is greatly increased. Thus a dramatic in-
crease of @ factors, from ~7 x 10¢ to more than 100 mil-
lion, is obtained. Furthermore, the parameters simulated
in Fig. 3 are only used to show the robustness and do not
indicate the limits of our mechanism, which can be
pushed further. And our mechanism is also not limited
in TM only.

Highly directional outputs from microcavities have
been reported from specially designed shapes, such as
stadium [13,14] and peanut [15]. Directional emission
with divergence angles of several degrees has been de-
monstrated [13-15], but they either have a very low @
of several hundred [13,15,16] or work only for particular
resonant modes [14]. In our current design, highly

January 15, 2011 / Vol. 36, No. 2 / OPTICS LETTERS 105

directional emission can be obtained from very high-Q
modes. And the output directions can be controlled to
unidirectional or bidirectional emission, which is also dif-
ferent from their multidirectional emissions [13-15].

In summary, we have proposed a simple mechanism
for both highly directional emission in single or two di-
rections from ultra-high-@ modes in microcavity. Our si-
mulation shows that this mechanism is very robust on
cavity size and refractive index. The divergence angles
of emission beam can be as narrow as ~1.9°-10°. How-
ever, in actual experiments, three-dimensional structures
will have an additional loss in the third dimension, which
will slightly decrease the collection ratio and cavity @
factors [17,18].

References and Notes

1. K. J. Vahala, Nature 424, 839 (2003).

2. S. L. McCall, A. F. J. Levi, R. E. Slusher, S. J. Pearton, and
R. A. Logan, Appl. Phys. Lett. 60, 289 (1992).

3. J. U. Nockel and A. D. Stone, Nature 385, 45 (1997).

4. J. Wiersig and M. Hentschel, Phys. Rev. Lett. 100,
033901 (2008).

5. Q. H. Song, W. Fang, B. Y. Liu, S. T. Ho, G. S. Solomon, and
H. Cao, Phys. Rev. A 80, 041807 (2009).

6. Q. H. Song, L. Ge, A. D. Stone, H. Cao, J.-B. Shim, J. Wiersig,
W. Fang, and G. S. Solomon, Phys. Rev. Lett. 105,
103902 (2010).

7. J. Wierisig and M. Hentschel, Phys. Rev. A 73, 031802
(2006).

8. C. P. Dettmann, G. V. Morozov, M. Sieber, and H. Waalkens,
Europhys. Lett. 82, 34002 (2008).

9. C. P. Dettmann, G. V. Morozov, M. Sieber, and H. Waalkens,
Phys. Rev. A 80, 063813 (2009).

10. Z. G. Chen, A. Taflove, and V. Beckman, Opt. Express 12,
1214 (2004).

11. X. Li, Z. G. Chen, A. Taflove, and V. Backman, Opt. Express
13, 526 (2005).

12. Q. H. Song and H. Cao, Phys. Rev. Lett. 105, 053902 (2010).

13. M. Lebental, J. S. Lauret, J. Zyss, C. Schmit, and E.
Bogomolny, Phys. Rev. A 75, 033806 (2007).

14. T. Fukushima and T. Harayama, IEEE J. Sel. Top. Quantum
Electron. 10, 1039 (2004).

15. L. Shang, L. Y. Liu, and L. Xu, Appl. Phys. Lett. 92,
071111 (2008).

16. The highest @ factor in two-dimensional simulation with the
cavity shape in Ref. 21 at kR ~ 22 is below 200.

17. J. G. Zhu, S. K. Ozdemir, Y. F. Xiao, L. Li, L. N. He, D. R.
Chen, and L. Yang, Nat. Photon. 4, 46 (2010).

18. S. Gotzinger, O. Benson, and V. Sandoghdar, Opt. Lett. 27,
80 (2002).



