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ABSTRACT: Microdisk lasers demonstrate high performance
and low threshold characteristics due to supporting of
whispering gallery modes with a high quality factor. One of
the challenging problems impeding some practical applications
of whispering gallery mode lasers is that they have isotropic
emission predominantly lying in the plane of the cavity. In this
work, we present a novel method that provides both
enhancement of the laser emission and modifies its directivity,
making the vertical direction favorable. Electromagnetic energy
outcouples from the cavity through the platinum—carbon
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plasmonic wire nanoantenna grown by electron-beam assisted deposition right up the side wall of the cavity. Evanescent field of
whispering gallery mode excites surface plasmon polariton which propagates along the nanoantenna and scatters at its tip. We
demonstrate 20X enhancement of the dominant mode intensity with 24 dB of side mode suppression increment without
essential worsening of the Q-factor which remains over 3 X 10* The proposed approach of the efficient control over the
spectrum, directivity, and emission efficiency from microdisk lasers could be very promising for many practical applications from

telecommunication technologies to biosensing.
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lasmonic optical nanoantennas offer a large number of
applications due to focusing and confining electromagnetic
waves into nanoscale volumes by employing the unique
properties of surface plasmon polaritons. These properties
bring about an enhancement of light-matter interaction, and an
ability to form a desired radiation pattern, which opens new
unique opportunities for designing of microscopic optical
sources.' ™ Currently, plasmonic nanoantennas are used in
microscopy, spectroscopy,6 nonlinear optics,7_9 wavefront
engineering,'”"" and biological applications.”” Nanoantennas
are also used for collection of an emitted light in the far
field &13-15
In turns, optical microcavities supporting high-Q whispering
gallery modes (WGMs) are prominent for ultralow-threshold
microlaser applications. Due to the axial symmetry of a circular
cavity, light emission is isotropic in the plane of the cavity and
the efficiency of the light outcoupling is very low (0.02—
0.1%)."° In order to increase the outcoupling efficiency and
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directivity of light emission from microdisks/microrings,
various types of defects have been proposed, such as a point
scatterer,'” a linear defect,"®"? a finite size air hole or dielectric
nanoparticle at the top face of the cavity.”””' A general
disadvantage of this method is that defects spoil the Q-factor of
the cavities. Alternatively, radiation from WGM cavities can be
outcoupled via evanescent fields using tapered fibers, wave-
guides, or prisms.””"?° Potentially, these techniques are very
promising for many on-chip applications; however, they require
very precise fabrication since the coupling strength has an
exponential dependence on the distance between the cavity and
the waveguide.””*® Another approach to obtain directional
emission is to deform the shape of the cavity, thereby breaking
its rotational symmetry. Using this approach, room temperature

operation of optically pumped microlasers” and low-temper-
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ature (20 K) lasing in electrically pumped lasers® have been
demonstrated. High in-plane emission directivity was achieved
in midinfrared laser with an elliptical cavity and a wavelength-
size notch defect.”’ However, in many areas of technology such
as optical communications, optical neural networks, and optical
signal processing it is necessary to increase light emission in the
vertical direction.”” ™ For this purpose, it seems reasonable to
use vertical-cavity surface-emitting lasers (VCSELs).*° Indeed,
VCSELs are specifically designed to provide vertical emission.
They have many advantages and are widely used for many
applications, especially in the optical communication indus-
try.3’7’38 However, some applications, as sensing of single
molecules, need very narrow spectral lines,” which could not
be obtained with VCSELs. In this sense, Q-factor of WGM
lasers is a distinct advantage; it can reach values up to 10" or
even higher.*’

For practical applications it is also desired to have a single-
frequency lasing. However, microring and microdisk lasers
typically demonstrate multifrequency lasing on WGM of
different azimuthal and radial orders (see, e.g, refs 41 and
42). In order to enhance the single frequency lasing, various
methods have been proposed,*~* which are usually based on
the suppression of the undesired modes, whereas the intensity
of a dominant mode remains unchanged or even degrades.

In this work, we use a plasmonic (Pt—C) wire nanoantenna
for mode selection and enhancement of a radiation emission in
vertical direction from quantum dot based microdisk laser (see
Figure 1). The Pt—C nanoantenna was grown by electron-

Microdisk lase"

Figure 1. Schematic view of the plasmon nanoantenna for light
outcoupling from quantum dot-based microdisk laser. The inset shows
the scanning electron microscopy image of 6 ym diameter microdisk
with 150 nm wide and 1.3 ym high nanoantenna. The microdisk cavity
was fabricated using photolithography and Ar" ion beam etching. The
wafer was grown using molecular beam epitaxy on a semi-insulating
GaAs (100) substrate. The active region is formed by an array of self-
organized InAs/InGaAs QDs. The Pt—C nanoantenna was grown by
electron-beam-assisted deposition.

beam assisted deposition right up the side wall of the
microcavity. We demonstrate that the outcoupling of electro-
magnetic energy occurs through a surface plasmon polariton,
which is excited by an evanescent tail of the whispering gallery
mode of the cavity, then propagates along the surface of the
nanowire and scatters at its tip. This modifies the directivity of
the laser emission, making it vertically oriented. We achieved 20
times enhancement of the dominant mode intensity with 24 dB
of side mode suppression increment without essential worsen-
ing of the Q-factor, which remains over 30000. We also observe

noticeable breaking of circular symmetry of light emission from
the microdisk with nanoantenna.

B SAMPLE, METHODS, AND EXPERIMENT DETAILS

An epitaxial structure was grown by molecular beam epitaxy on
an n* GaAs(100) substrate. The active region represents S
layers of self-organized InAs/InGaAs quantum dots (QDs)
inserted into a 0.35 pm thick GaAs waveguiding layer cladded
with 400 nm thick Alj¢3Gagg,As layer from the substrate side.
Owing to the deep localization of charge carriers in QDs, the
lateral transport of carriers is inhibited and, as a consequence,
their nonradiative recombination at the side wall of the
microcavity is suppressed. Spectral position of the quantum dot
ground-state transition was located around at 1.28 ym at room
temperature. Microdisk resonator was fabricated using photo-
lithography and Ar" ion beam etching. The diameter of the
microdisks was 6 pm. The AlygsGagg,As bottom cladding layer
was selectively oxidized to be transformed into an (AlGa)xOy
layer to improve the optical confinement.*’

Nanoantennas were formed directly at the side wall of the
cavity by means of electron-beam-induced deposition with
CoH 4Pt precursor gas using a Carl Zeiss CrossBeam 1540XB
microscope. The precursor gas was injected through a
micronozzle into the spatial region of the electron beam
focus. The operation pressure in the microscope chamber was 2
X 1075 mBarr, electron beam diameter, and current was 2—3
nm and 50 pA, respectively, Pt—C nanoantenna growth rate
was about 160 nm/s. The fabricated nanoantenna diameter was
150 nm and its height was 1.3 pm. So, the total time of growth
was less than 10 s. The nanoantennas formed under such
growth conditions have a polycrystalline structure representing
a dense array of adjoint Pt nanocrystallites with a size of 2—3
nm inserted into an amorphous carbon matrix. The inset of
Figure 1 depicts a microscopic image of the microdisk with a
nanoantenna attached to it.

Electrical properties of Pt—C composite material were
characterized by resistivity measurement, which was carried
out for a Pt—C nanoantenna deposited at the same conditions
onto prepatterned metallic (Au) test structure (see inset in
Figure 2). The DC current—voltage curve demonstrates Ohmic
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Figure 2. Current—voltage characteristic of Pt—C a nanoantenna. The
insets shows electron microscope image of Au contacts with deposited
Pt—C nanoantenna used for conductance measurement. The Pt—C
nanoantenna was grown by electron-beam assisted deposition.
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Figure 3. Lasing spectra of the microdisk before (a) and after (b) the nanoantenna deposition taken at room temperature at various pump powers P.
The microdisk is pumped by a CW-operating YAG:Nd laser (4 = 532 nm). (c) Distribution of the electric field amplitude [El for the modes observed

in the photoluminescence spectra of the microdisk laser.
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Figure 4. (a) Measured intensity of the dominant mode (TE,,) as a function of pump power for the microdisk with and without the nanoantenna.
(b) Line width of the same mode as a function of pump power for the microdisk with and without the nanoantenna.

behavior. The resulting specific resistance is 1.5 X 10™> Ohm'm,
which is higher than the bulk Pt resistivity (107 Ohm'm), but
is within the range of data reported in literature for Pt
nanoelectrodes””** and Pt—C wires."”” It means that the array
of nanocrystallites is quite dense and can exhibit plasmonic
properties. The relative content of Pt and C in the composite
depends on many conditions such as electron beam current,
energy of electrons, type of the precursor etc. The Pt—C
composites grown at the conditions, similar to those we have,
contain from 30 to 70% of Pt.”"~>* The annealing increases the
Pt content, however, it could result in serious deformation or
even destruction of the wire nanoantenna.”® To demonstrate
that the Pt—C nanoantenna has plasmonic resonances we
fabricated samples of single Pt—C nanoantennas and measured
their dark-field spectra (see Supporting Information).

For microphotoluminescence (4PL) investigations, a CW-
operating YAG:Nd laser (A = 532 nm) was used. The microdisk
was uniformly pumped by the laser using lensed fiber. The
samples were characterized at room temperature. A piezo-
electrically adjustable objective (Olympus LMPlan IR objective
X100 with NA = 0.8) was used to focus the incident laser beam
and to collect the yPL signal from the microresonator. The
collected uPL was then analyzed with a 1000 mm
monochromator Horiba FHR coupled with a cooled InGaAs
CCD array. The system provided a spectral resolution of 0.03
nm for 1200 mm™" grating. The spatial distribution of the
emitting light was measured by scanning the sample surface
with X100 Mitutoyo objective using confocal microscope based
on Ntegra Spectra (NT MDT) spectroscopy system. A lensed

fiber was used to focus the YAG:Nd laser beam and pump the
microdisk uniformly and a long working distance objective with
piezo-driven mirrors was used to scan the disk and collect
emission from the top. The light was detected by ANDOR
InGaAs CCD detector in 1240—1300 nm spectral range.

B RESULTS AND DISCUSSION

The micro-PL spectra of the microdisk laser obtained at
different pump powers P are shown in Figure 3. First, we
measured the pPL spectra of as-formed microdisk of circular
shape (Figure 3a). Then, we measured the yPL spectra of the
self-same disk after growing the nanoantenna on its side wall
(Figure 3b). In both cases, we observe a series of narrow WGM
lasing lines superimposed on broad InAs/InGaAs quantum dot
emission. One can see that the nanoantenna weakly affects the
position of the eigenmodes. A slight red-shift (~S nm) of the
lasing spectrum at pump power 2280 yW (Figure 3b) could be
explained by an increase of the temperature of the sample.
To interpret the position of the peaks in the spectra, we
solved the eigenvalue problem for the microdisk cavity on the
substrate numerically by finite element method using
COMSOL Multiphysics software. The problem has rotational
symmetry (before growing the nanoantenna) and, therefore,
the azimuthal dependence of the mode fields is given by
exp(img). Index m is an azimuthal mode number, and ¢ is the
azimuthal angle. Separation of the variables allows one to
reduce the problem from 3D to 2D geometry. Details of the
simulation technique are described in ref 54. The simulation
includes the AlGa,O, pedestal with a height of 400 nm (as
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homogeneous material with a refractive index about 1.6), the
GaAs microdisk cavity with a height of 350 nm (as
homogeneous material with permittivity 11.4), and the
surrounding air. The diameter of the microcavity and pedestal
are supposed to be the same and equal to 6 ym. The low-index
AlGa,O, pedestal provides the effective optical insulation of the
cavity from the substrate and excludes the effect of the latter on
mode structure of the cavity and laser characteristics.

Comparison of the results of numerical simulations with
experimental pPL spectra allows to identify three dominant
lasing modes. The dominant WGM line at 1277 nm
corresponds to the mode TE,,;,. The two other lines near
1290 and 1302 nm correspond to the modes TM;;; and TE;, |,
respectively. The distribution of the electric field intensity |EI
for these modes is shown in Figure 3c.

Lasing operation is confirmed by the light—light character-
istics of the 1277 nm (TE,,,) mode (Figure 4a). As the pump
power increases, the line width of the mode decreases down to
~3S pm for as-formed microdisk and down to ~40 pm for the
microdisk with nanoantenna (Figure 4b). This corresponds to
the Q = 4/A4 of 3.6 X 10* and 3.2 X 10% respectively. Thus,
the nanoantenna does not affect the Q-factor significantly. The
effect of the outcoupling improvement is similar to that
observed for conventional lasers with Fabry—Perot resonators,
when the slope efficiency increases as reflectivity of output
mirror decreases. In other words, the nanoantenna makes
higher the output loss of the microresonator. In its turn, this
increases a fraction of input (pump) power, which converted
into coherent emission that comes out of the microresonator. It
should be noted that threshold power increases as a result of
the nanoantenna presence, from 0.3 to 0.6 mW. It happens
because the nanoantenna grown right up to the sidewall of the
cavity introduces additional losses (scattering losses and
absorption by Pt—C composite).

Near the lasing threshold Py, the emission spectrum is
multimode. With increasing pumping level, the dominant
WGM line intensity grows and side mode suppression ratio
(SMSR) for the as-formed microdisk laser reaches its maximum
value of 10 dB at P = 1.33 X Py, (Figure S, blue markers). At
higher pump power (1.7 X Py,), the intensity of the lasing mode
starts to recede and subsequent longer wavelength mode
builds-up, which leads to a decrease of the SMSR value. This
effect is presumably caused by a decrease in gain at the
wavelength of the WGM involved in lasing. The nanoantenna
changes the behavior of the WGM cavity dramatically. We
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Figure 5. Side mode suppression ratio as a function of pump power
for microdisk with and without nanoantenna. The maximal SMSR is
achieved at the pump powers 312 and 2170 yW for the as-formed
microdisk and the microdisk with the nanoantenna, respectively.

observe the increase in the maximal output light intensity by
more than 20 times (Figure 4a). The increase is accompanied
by the efficient suppression of side modes. The maximal SMSR
of 24.7 dB is reached at 3.3 X Py, (Figure S). Pump level, at
which the maximal WGM line intensity is achieved, shifts from
3.8 X Py to § X Py,

The distributions of the dominant mode intensity (TE,,,) of
the microdisk with and without the nanoantenna measured by
the confocal scanning optical spectroscopy are shown in Figure
6a and b, respectively. The pump level is 1.5 X Py, in both cases.

(a) 14107 Bx107

1x10° 1x10°

Figure 6. Emission patterns of the dominant mode (TE,;) obtained
at pumping level above the threshold (P ~ 1.5Py,) of the microdisk
with (a) and without nanoantenna (b).

The as-formed microdisk demonstrates nearly uniform
(isotropic) emission distribution along its edge with a slight
modulation, which does not exceed a factor of 2. It occurs due
to the light scattering on the side wall roughness appeared
during the lithography process. Figure 6b shows that the
nanoantenna dramatically changes the intensity distribution of
the dominant mode. A hotspot located at the position of the
nanoantenna is now clearly visible. The intensity at the hotspot
exceeds the intensity at other positions by an order of
magnitude that confirms that the energy accumulated in the
cavity is effectively outcoupled through the nanoantenna.

In order to explain the observed results and to gain deeper
insight into the problem of light outcoupling from the
microcavity through the nanoantenna we provide numerical
simulations using CST Microwave Studio.

The data for the permittivity of the microdisk, the pedestal
and the substrate we took from ref 55. The optical parameters
of the Pt—C nanoantenna were extracted from the measure-
ments of the volt-ampere characteristics under DC voltage
(Figure 2). They show that the nanoantenna has metallic
conductance comparable with the one of thin Pt films."”**
High frequency (optical) permittivity of Pt—C nanoantenna
can be estimated from the static measurements in the scope of
the Drude approach®®

4rio,

ew) = & + (1l — itw) (1)

Here, 0, and 7 are the static conductivity that we obtain from
the DC voltage volt-ampere characteristics and the momentum
relaxation time of electrons. In our calculations we put 7 = 0.06
ps and g, = 5.4.”

The distribution of electric field intensity in the system
“microdisk+nanoantenna” for the mode TE,,; is shown in
Figure 7a. One can see that the electromagnetic field around
the nanoantenna is peculiar to surface plasmon polariton. It
weakly penetrates inside the nanoantenna, exponentially
decreases away from its surface, and propagates along the
wire. So, it is possible to assert that Pt—C wire plays the role of
a plasmonic waveguide. Surface plasmon polariton is excited by
WGM, then it propagates along the nanoantenna and scatters
at its tip providing vertically directed laser emission. Map of the
Poynting vector (see Figure 7b) shows that electromagnetic
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Figure 7. (a) Distribution of electric field amplitude |E| (in logarithmic
scale) and (b) map of the Poynting vector (arrows) in the vicinity of
the Pt—C nanoantenna for the dominant WGM (TE,,;, 4 = 1277
nm).

energy propagates predominantly in the vertical direction along
the wire. Without the nanoantenna, the emission is mainly
concentrated in the plane of the microdisk and vertical light
emission occurs only due to the roughnesses and defects of the
top surface.”®™%

B CONSLUSION

We have proposed and implemented a novel method for
efficient WGM outcoupling from microcavities providing
directional emission while keeping the Q-factor of the cavity
nearly undisturbed (over 3 X 10*). Within this method, the
energy accumulated in the microcavity outcouples via a
plasmonic Pt—C nanoantenna grown on the side wall of the
microdisk by electron beam assisted deposition. We have
demonstrated a SMSR increment of up to 24 dB and the
dominant mode intensity enhancement by 20 times in room
temperature spectra of 6 ym diameter QD microdisk lasers.
The emission pattern demonstrates a bright spot at the position
of the nanoantenna. The presented concept provide the ability
to control spectrum and emission directivity of microdisk lasers
that is very promising for many practical applications from
telecommunication technologies to biosensing.
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