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Ultralow threshold laser action from toroidal polymer microcavity
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We report laser action from a toroidal microcavity coated with m-conjugated polymer. An ultralow
threshold value of ~200 pJ/pulse is achieved by free space excitation in ambient conditions. This
is the lowest threshold energy obtained in microtoroid lasers by free space excitation. The effective
refractive index of the polymer, extracted from Fourier analysis of emission spectra, is 1.787, which
is very close to measured value of 1.790 indicating that laser modes are located around the
circumference of the cavity as whispering gallery resonances. © 2009 American Institute of

Physics. [DOI: 10.1063/1.3141730]

Microcavities with ultrahigh quality factors have been
extensively studied in recent years including the subject of
laser action,"” nonlinear optics,S’4 photonics,5 quantum
information,6 optomechanics,7 telecommunications,8 high
resolution spectroscopy,9 chemical sensing,lo and cavity
quantum electrodynamics. " In most of the studies men-
tioned, microresonators confine light in the form of whisper-
ing gallery modes due to very high efficiency of total internal
reflection mechanism. Two dimensional photonic crystal
structures have also been reported to show ultrahigh quality
factors,” which confine light by means of photonic band gap.

Whispering gallery modes are efficient for confining
light in a resonator. The requirement for having an ultrahigh
quality factor resonator is that the surface roughness of the
cavity, where the total internal reflection that occurs has to be
much smaller than the operation wavelength, /<<\. Other-
wise, as irregularities on the surface increase, the quality
factor of the cavity will dramatically decrease due to the
scattering of light outside the resonator.'? It is not usually
possible to obtain such smooth surfaces by employing only
lithographic methods and the fabrication of ultrahigh quality
factor microcavities necessitates a reflow step where surface
tension of the melted structure redefines the shape of resona-
tor. Until now, silica fibers> and microdisks of silica and
silicon®" have been reflowed to generate microspheres and
microtoroids, respectively. Microtoroids are usually more ad-
vantageous because they can be produced on chip with high
quality factors*!® and they can also be engineered to have
smaller mode volume,14 which is crucial for nonlinear
applications. 15

Laser action from organic gain media with various cav-
ity configurations has been widely studied in a number of
contexts due to their ease of fabrication and flexibility in
choosing the emission Wavelength.m’l7 Though microspheres
with ultrahigh quality factor are widely employed in organic
microlasers,'® microtoroidal geometry has not yet been com-
bined with organic gain media to demonstrate laser action. In
this study we use poly(2,5-dioctyloxy-p-phenylenevinylene)
(DOO-PPV), a mr-conjugated polymer, as active medium,
which exhibits superior quantum efficiency around 630 nm
(Ref. 20) and observes laser oscillations at very low energy
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levels with free space excitation. Efficient lasing action is
obtained as a result of ultrahigh quality factor of the micro-
structure and high quantum efficiency of the gain material.
Fourier analysis of the emission spectra confirms that reso-
nances are whispering gallery modes and not bow tie.

The essential part of the microlaser fabrication is the
creation of silica microtoroids, described in Fig. 1 through its
major steps. Although the procedure for microtoroid fabrica-
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FIG. 1. (Color online) Main steps of the fabrication of silica microtoroids.
(a) Photolithography of the structure. (b) Transferring microdisks to SiO, by
dry etching. (c) Selective etching of silicon. (d) Reflowing the undercut
disks with CO, laser. (e) The undercut disk after Si is etched. (f) The re-
flowed microdisk attaining toroidal shape. AFM images of (g) the disk and
(h) toroid surface.
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FIG. 2. (Color online) Absorption and emission spectrum of ~1 um thick
DOO-PPV polymer film. Emission is taken at an excitation wavelength of
520 nm. The inset is the chemical structure of DOO-PPV polymer.

tion has been previously reported,13 the details of our process
are different and therefore explained here. A positive photo-
resist is spun on top of a thermally grown ~1 wum thick
Si0, layer on a low doped silicon substrate. After soft baking
at 110 °C for 1 min, the resist is exposed to UV light in the
presence of a chromium mask for defining disk structures on
the resist material. Next the resist is postbaked at 110 °C for
2 min and flood exposed to UV light again for generating the
reverse of the image on the mask [Fig. 1(a)]. This technique
produces disk shaped vacancies in the substrate. After devel-
oping, the vacancies are then filled with ~100 nm thick Cr
layer. Subsequently the whole ensemble is exposed to a lift
off process leaving only Cr disk structures on top of the
oxide layer. Once the disks are obtained, they are transferred
to the SiO, layer via anisotropic etching with the plasma of
the CHF; and O, mixture [Fig. 1(b)]. The isotropic selective
etching of silicon is accomplished with the plasma of SFg
yielding SiO, microdisks on top of Si pillars [Figs. 1(c) and
1(e)].

Disk microcavities are exposed to a CO, laser with
280 W/mm? intensity for 3 min reflowing the structure to
produce the final smooth toroidal microcavity via surface
tension [Figs. 1(d) and 1(f)]. The Q-factor of fabricated mi-
crotoroids is not measured, however, it has been previously
reported numerous times that this quantity is between 10’
and 10® for this configuration of material and geometry.l’10 13
To characterize the effect of surface tension induced changes
on microstructures better, surface roughness of cavities is
measured before and after the reflow process via noncontact
atomic force microscopy (AFM) (Park Scientific, XE-100).
The surface roughness of the microdisks before reflow is
measured as 1.2 nm, whereas after reflow it is reduced to 0.2
nm on the rim of the microtoroid [Figs. 1(g) and 1(h)], ex-
plaining substantial improvement on the quality factor.

Following the fabrication of the silica microtoroids,
DOO-PPV, organic gain medium emitting in the red region
(Fig. 2), is dissolved in toluene at 10 mg/ml concentration
and spun onto the structures at 1000 rpm yielding an ap-
proximate thickness of 1.5 um on the outer surface of the
resonators. A subsequent baking of the whole ensemble at
90 °C in rough vacuum for 6 h ensures both cleanliness and
smoothness of the polymer covering the toroid surface [Fig.
3(a)]. It is determined from AFM measurements that the sur-
face roughness of polymer coated microtoroid is degraded to
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FIG. 3. (Color online) (a) Optical and (b) AFM image of the polymer coated
microtoroid. The inner and outer diameters of the toroid are 44 and 56 um,
respectively. Note that the DOO-PPV thin film (light orange color) covers
the whole structure. (c) Evolution of the microtoroid laser emission spec-
trum with respect to excitation energy level. (d) Integrated emission inten-
sity vs excitation energy level exhibiting a kink at threshold energy of 200
pJ/pulse.

1.3 nm with respect to the silica sample [Fig. 3(b)].

To observe lasing action, polymer microtoroids are opti-
cally excited by a femtosecond parametric amplifier system
(Spectra Physics) operating in sum frequency generation
mode at 521.6 nm wavelength with a pulse duration of 130 fs
and repetition rate of 1 kHz. Light is focused loosely to each
microcavity from the top with a lens where the effective
excitation area is 2.5 mm?. Laser emission from polymer
microtoroids is collected via an optical fiber and sent to a
charge coupled device coupled 1/2 m triple spectrometer
where band pass resolution is 0.14 nm (Spectral Products).

Excitation intensity upon the polymer microtoroids is
changed via a variable neutral density filter where, at low
energies, only a weak amplified spontaneous emission (ASE)
signal is observed without any discrete laser modes. How-
ever, as the intensity increases, narrow laser emission peaks
with 0.25 nm full width half maximum starts to emerge in
the recorded spectra [Fig. 3(c)]. The threshold of excitation
energy level where laser peaks starts to occur is
~170 pJ/pulse. As the excitation power is raised further, the
intensity of laser lines continues to increase as well as the
ASE becomes more pronounced. We do not anticipate a par-
ticular change in the laser emission spectrum as the pulse
duration gets longer to picosecond time scales.'® However its
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FIG. 4. (Color online) Power Fourier transform of the laser emission spec-
trum shown in the left inset taken at the energy level of 440 pJ/pulse. Right
inset shows the ellipsometric refractive index measurement of the DOO-
PPV polymer.

dynamic behavior can be different due to the possibility of
multiple excitations for pulse durations longer than the ASE
lifetime.'” The thermal effects become more pronounced
when the excitation pulse is in nanosecond time scale, result-
ing in a slight broadening of the emission spectrum.20

The laser threshold can be better determined using bilin-
ear behavior of the integrated emission intensity collected
from toroid microlaser as a function of excitation energy
level. As can be seen from Fig. 3(d), the output intensity of
the microlaser has an apparent kink in its dependence to
excitation energy at ~200 pJ/pulse. The threshold for the
microtoroid laser is one order of magnitude smaller than the
previous studies,’ confirming the high efficiency of the gain
medium.

Spectral separation of laser lines of microresonators
where light is confined in the form of whispering gallery
resonances is expressed by17’18 AN=N?/nC, where \ is the
emission wavelength, n is the effective refractive index of
the gain medium, and C is the microresonator circumference.
The relation presumes that the microresonator is a Fabry—
Pérot type cavity; therefore Fourier transform of the emis-
sion spectrum contains equally spaced diminishing Fourier
components with periodicity A/l=nC/2. Such an approxi-
mation is commonly used in the literature for microresona-
tors where modes are located nearby the circumference of
cavity.18 The Fourier transform of the emission spectrum
(Fig. 4, left inset) for our microtoroid laser is shown in Fig.
4, where the x-axis shows the optical path length to facilitate
calculation of n. From the previous relation, we can deduce
spacing between Fourier components for toroidal geometry
as Al=nD/2, where D is the major diameter of the microtor-
oid. The transform data give A/=50.5 wm and by using mi-
crotoroid laser diameter D=56.5*+0.5 wm. The effective re-
fractive index n of the polymer is found to be 1.787, which is
very close to its measured value of 1.790 acquired at 637 nm
wavelength (Fig. 4, right inset). This result indicates that
whispering gallery resonances are mostly located in the poly-
mer medium rather than the SiO, template. Consequently
they are located around the circumference of the microcavity,
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which is enforced by total internal reflection.'® It is also im-
portant to note that the lasing action takes place on the outer
surface of the microtoroid, because the thickness of the gain
medium around the inner circle of toroid is much less than
the outer.

In conclusion, we demonstrated laser action from a poly-
mer coated microtoroid with substantially low threshold en-
ergy for free space excitation. It is shown that lowering the
threshold energy of a microlaser is possible by using superior
confinement properties of microtoroids and high quantum
efficiency of an organic gain media. Lowering the laser
threshold energy in a free space excitation system can be
important to avoid difficulties related to coupling of excita-
tion light with a tapered fiber. Furthermore the Fourier analy-
sis of the emission spectra verified that laser modes are
mostly located around the periphery of the microcavity as
whispering gallery resonances.
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