Azimuthally polarized radial emission from a quantum dot fiber laser
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ABSTRACT: We demonstrate an azimuthally polarized radial emission with zero-angular-momentum from a

CdSe/CdZnS/ZnS quantum dots (QDs) fiber laser. This fiber
laser is realized by axially pumping the QDs doped gain plug
infiltrated in the hollow cavity of a multilayer photonic bandgap
fiber. The cylindrically symmetric radial emission is registered
as a perfect ring-shaped pattern in the far field. The lasing
threshold is measured to be ~238 pJ/pulse and the quality factor
(Q-factor) is calculated to be ~4000. The unique radial emission
from the resulting QDs fiber laser offers a fundamental solution
for the development of omnidirectional displays and light
sources for biomedical analysis and phototherapy with minimal

invasion.
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Optofluidic fiber lasers, which integrate aqueous gain me-
dium and micrometer sized fiber cavities, have greatly
contributed the development of miniaturized optical de-
vices for integrated biomedical analysis systems, due to
the characteristics of easy manipulation of liquid solu-
tions, minimal invasion, low pump energy consumption,
great compactness, and flexibility in the design of fiber
cavity."5> Depending on the fiber geometry and configura-
tion, the laser can emit from the aqueous gain medium
either along® or perpendicular’® to the fiber axis. In par-
ticular, cylindrically symmetric laser emission in the
transverse plane of the fiber axis is of great interest for the
applications of omnidirectional imaging, biomedical de-
tection and photodynamic therapy, providing extended
laser emission surface area compared with the common
fiber laser emission/guidance from a relatively small area
along the fiber axis. Conventional omnidirectional
emission is realized by the excitation of whispering gallery
modes (WGMs) at cavity boundary.” However, for WGM
lasers, light escapes the fiber cavity through the diffraction
or scattering at rough surface, resulting in a limit control
over light output coupling. Besides, WGM is predominant-

ly excited by a high power pump from the side, which
brings more difficulties in real applications due to the
complexity of the pump arrangement. To overcome these
drawbacks and expand the applications of omnidirectional
lasers, an in-fiber microfluidic cylindrically symmetric
radial emission is demonstrated.” Nevertheless, the fast-
bleaching of organic dyes limits the lasing performance
under long exposure time, and further deteriorates in the
laser cavity as both the pumping energy and emission in-
tensity are high in the cavity.? In addition, the inherent
optical properties of broad emission spectrum, narrow
excitation band and being sensitive to ambient solvent
conditions make organic dyes less applicable in construct-
ing bio-analytical systems.3

Semiconductor quantum dots (QDs) have enabled in-
tensive studies as alternatives to organic dyes in light
emitting diodes (LEDs),’s biosensing,'®” imaging+'® and
versatile lasers,'9*° providing their unique advantages of
being less susceptible to photo-bleaching, great tunability
over a wide spectra range, temperature insensitive lasing
threshold, broad excitation band and narrow emission
peaks.>*»2 In particular, their broad absorbance bands



allow the capability of simultaneous excitation of multi-
color emission by exciting different QDs with single
pumping wavelength. The narrow emission peaks of QDs,
which have a typical full width at half maximum (FWHM)
value of 20 to 30 nm , can be easily tuned from 400 nm to
2 um by altering the size and material of QDs owing to the
quantum confinement effect.> Furthermore, the charac-
teristics of high absorption cross-section, high quantum
yields and enhanced photochemical stability achieved
with core/shell structured QDs contribute to construct
robust and low threshold QDs lasers.?>4 Given the premi-
um benefits of QDs as gain medium and the flexibility of
optofluidic fiber laser configurations, we demonstrate here
the realization of a purely radial emission QDs fiber laser
with fixed azimuthal polarization direction.
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Figure 1. (a) Scheme of the laser emission; (b) SEM images of
the PBG fiber.

The scheme of pump arrangement and the laser emis-
sion are shown in FIG. 1(a). The cylindrically symmetric
laser emission is obtained by axially pumping the liquid
gain medium in the hollow cavity of a photonic bandgap
fiber (PBG) with a nanosecond Nd:YAG laser at 532 nm.
Laser light is collected by a spectrometer from a direction
perpendicular to the fiber axis. The multilayer PBG fiber in
this experiment consists of a hollow air core surrounded
by 25 annular alternating layers of high index chalco-
genide glass (As,sS,) and relatively low index polycar-
bonate (PC), and a pure PC cladding, as shown in scan-
ning electron microscope (SEM) images in FIG. 1(b). The
alternating high-index and low-index multilayers sur-
rounding the hollow core impose a normal-incidence (axi-
al wave vector equals to o) band gap covering a broad
wavelength range from 520 nm to 660 nm. The normal-
incidence band gap provides necessary optical feedback
for laser emission in the radial emission. Concurrently, the
photonic bandgap structure of the hollow cavity is able to
support an axial transmission band centered at 550 nm for
optical pump (wave vector is in the axial direction). The
inner diameter and outer diameter of the PBG fiber are

measured to be around 250 pm and 1060 pum, respectively.
To eliminate surface modes in the cavity, the multilayer
geometry is ended with a layer of high index As,sS;s.

The QD used in this experiment is synthesized using
‘one-pot’ method* with modification. Both cadmium and
zinc precursors (Cd(OA), and Zn(OA),) are firstly made
and heated to 300 °C. Selenium (Se) precursor is further
injected with an optimized rate to form CdSe core. To cap
CdSe core, alkyl thiol is used as sulfur (S) precursor to
form CdZnS shell, and then trioctylphosphine dissolving S
(TOPS) is added to produce ZnS shell. The resulting
CdSe/CdZnS/ZnS QD has an emission centered at 636 nm
and a FWHM value of ~ 30 nm, as shown in FIG. 2. The
absorbance spectrum reveals that the resulting QD has a
continuous absorption band below 650 nm and a larger
absorbance to the shorter wavelength pump photons. The
size of the QD is estimated to be 7 nm from the transmis-
sion electron microscopy (TEM) image shown in the inset
of FIG. 2. A high quantum yield (QY) of 65% is obtained
by exciting the QDs in hexane solution with 405 nm laser
in an integrating sphere. All the characterizations are car-
ried out at room temperature under ambient conditions.
The high quantum yield is beneficial to reduce the lasing
threshold which is essential in facilitating its practical ap-
plications.
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Figure 2. Absorbance and PL spectra of CdSe/CdZnS/ZnS
QDs, and (inset) the TEM image of CdSe/CdZnS/ZnS QDs.

To start, a segment of QDs doped hexane solution (con-
centration: 100 mg/ml) is infiltrated into the hollow core
of a 5-cm-long PBG fiber by capillary forces to act as the
gain medium. A linearly polarized Nd:YAG laser with a
pulse duration of ~5 ns is used to axially pump the gain
medium. We observe that light emission from the fiber
cavity is in the transverse plane to the fiber axis with cy-
lindrical symmetry. The laser wavefront is registered as a
perfect ring in the far field with the assistance of a paper
funnel and a 550 nm long pass filter, as shown in the inset
of FIG. 4. The cylindrical geometry of the laser emitted
from is determined by the circular cross section of the
fiber core and the penetration depth of the optical pump



in the gain medium instead of the actual length of the gain
plug which is in the order of centimeters. In our experi-
ment, the penetration depth for the 100 mg/ml QD hexane
plug is ~ 500 pum. The cylindrically symmetric emission
stems from the interplay between the isotropic fluores-
cence of QDs and the cylindrical fiber resonator. To char-
acterize the omnidirectional output emission, we use a
spectrometer (Ocean Optics, USB 2000) to collect the
emission spectra under different pump pulse energies and
plot them in FIG. 3. Each spectrum is collected at a single
shot and an absorptive neutral density filter with an opti-
cal density of 1.3 is placed between the fiber and the spec-
trometer to avoid saturation. At low pump energy, the
spectrum shows only broad band spontaneous emission of
QDs. A narrow peak occurs above the longer wavelength
range of the spontaneous emission band of the QDs when
the pump pulse energy exceeds a specific value. The nar-
row emission peaks on the spectra confirm the lasing phe-
nomenon and indicate that the isotropic spontaneous
emission is coupled to specific low threshold laser modes
supported by the cylindrical fiber resonator. The lasing
threshold is estimated to be ~238 pJ/pulse by comparing
the relationship between the peak intensities and pump
pulse energies, as plotted in the inset of FIG. 3. Compared
with dye molecule counterparts, this relatively larger laser
threshold with QDs mainly results from their relatively
low QY (the QY of R6G is normally above 90%?2°) and the
competitive highly-efficient nonradiative Auger recombi-
nation® (AR) in QDs. The low QY of our QDs may be at-
tributed to the unsaturated dangling bonds at the surface
of QDs and defects at the core/shell interface. These de-
fects act as traps for electrons or holes, which will increase
the ratio of nonradiative decay. Besides, in strongly con-
fined QDs, the highly-efficient AR dominates when the
QDs are pumped under high-energy excited states, result-
ing in a limit on the gain lifetime and an increase of laser
threshold. The threshold of our QD laser emission can be
reduced by increasing the QY of QDs and suppressing the
AR process through engineering the structure of QD inter-
face.?”
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Figure 3. Spectra of radial emission from the laser cavity col-
lected under different pump pulse energies, and (inset) the
dependence of the peak intensity on the pulse energy.

To distinguish resonant laser peaks, we use a high reso-
lution spectrometer (resolution: 0.1 nm) to collect the
radial emission spectra at pump energies above the
threshold. The distinct laser peaks in the spectra (FIG. 4)
further verify the lasing phenomenon. The spacing be-
tween adjacent lasing peaks is measured to be around 0.58
nm for the fiber core with a diameter of ~250 pm. Given
that, in a Fabry-Perot (F-P) cavity, the free spectral range
(FSR) of longitudinal modes is calculated by the formula,
FSR = 13/2nd, where 1, is the wavelength of central las-
ing peak (1, = 642 nm) and n represents the refractive
index (RI) of the gain medium plug (n = 1.3749), the diam-
eter of the fiber cavity (d) is therefore calculated to be
~258 pum, which matches well with the actual size of our
fiber cavity. The calculation result reveals that the lasing
mode is occupied by the photons propagating along the
radial direction. To further prove the laser cavity, we
simulate the transmission spectral response of this PBG
hollow cavity with FDTD solutions and obtain a theoreti-
cal FSR of 0.59 nm which agrees with our experimental
results, and a theoretical Q-factor of ~7000 near 642 nm .
In the experiments, the FWHM value (AA) of individual
lasing peak is approximately 0.16 nm, indicating a high
quality factor (Q-factor) of ~4000 (Q = A,/AXA). The slight
deviation in the Q-factor value is acceptable taking into
consideration that the condition of the PBG structure of
the fabricated fiber is less possibly as ideal as in the simu-
lation, the effect of the optical property of the gain medi-
um and as well as the resolution of spectrometer. This Q-
factor value is one order of magnitude higher than the dye
doped counterpart," indicating a more promising lasing
performance engaged with QDs gain medium.

To characterize the polarization state of the laser emis-
sion, we analyze the intensity variation of the output laser
with different polarization angles under a fixed pump en-
ergy. The measurements are carried out by rotating a line-
ar polarizer placed in-between the fiber and a spectrome-
ter. The scheme is illustrated in the inset of FIG. 5, where
the blue arrows on the fiber indicate the direction of
transmission axis of the polarizer, and the intensity is
normalized to the maximum intensity collected. We as-
sume that the polarization angle equals to o when the
transmission axis of the polarizer is perpendicular to the
fiber axis. The measured laser intensities against polariza-
tion angles are plotted in FIG. 5. The dependence of the
laser intensity on the polarization angle fit well with a co-
sine-square function, demonstrating that the radial laser
emission is dominantly azimuthally polarized. This phe-
nomenon confirms that the isotropic spontaneous emis-
sion is coupled to high Q-factor low threshold TE., modes
with the same electric field polarization state as obtained
from this laser emission.
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Figure 4. High resolution spectrum of the radially emitted
QD fiber laser collected at pump energy above the lasing
threshold, and (inset) the wavefront of the laser emission in
the far field.
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Figure 5. Dependence of the output intensity on the polariza-
tion angle. The black squares are measured data, and the red
curve fits to the experimental data with a cosine-square func-
tion. Inset: the scheme of the polarization measurements. The
blue arrows label the directions of transmission axis of the
polarizer placed in-between the fiber and a spectrometer.

In conclusion, we demonstrate a QD fiber laser with az-
imuthally polarized radial emission. The laser is realized
by axially pumping the CdSe/CdZnS/ZnS QDs doped hex-
ane plug in the hollow cavity of a PBG fiber using a nano-
second Nd:YAG laser at 532 nm. The cylindrically symmet-
ric radial emission results from the isotropic fluorescence
of QDs and its coupling to low-threshold TE,, modes. The
laser emission exhibits a threshold of ~238 pJ/pulse and a
high Q-factor of ~4000. As the PL spectrum of
CdSe/CdZnS/ZnS QDs performs relatively good stability
around room temperature,® the fiber laser can work well
as long as we avoid using ultrahigh-energy pump pulse
that can boil the hexane solvent. The resulting laser plat-
form integrates the advantages of QDs as gain medium
and the unique emission characteristics and remote

pumping, providing a substantial impact on both studies
of lasing mechanism and future developments of a variety
of applications. The ability to provide large area cylindrical
symmetric laser emission, combined with ultrasonic circu-
lar-array detectors, will enable photoacoustic computed
tomography (PACT) systems to generate full-view and
high quality images in round objects with fast data acqui-
sition speed.?® In a similar way, our fiber laser could be
integrated into photoacoustic endoscopy (PAE) systems to
provide much convenience for the application of circum-
ferential cross-sectional scanning. Besides, taking into
consideration of the characteristics of large wavelength
tenability and broad absorption band of QDs, this fiber
laser can serve as a flexible optical pump for activating
various kinds of molecules for detection or diagnosis of
diseases in vessel structures, or in conjunction with drugs
to realize photo dynamic therapy. Finally, the convenient
pump arrangement and extended laser emission surface
make this fiber laser suitable for constructing omnidirec-
tional or textile fabric displays.
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