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ABSTRACT: Laser emission from nanowire-based devices is important for
nanophotonic applications. Here we report the observation of optically pumped
laser emission from ring resonators formed by quantum-dot-doped single polymer
nanowire. By assembling a 500 nm diameter single polymer nanowire with an
optical loss coefficient of 70 cm−1 to form a ring resonator with a short diameter of
20 μm and a large diameter of 40 μm, multimode laser emission with mode
number of 9 is obtained in the wavelength region from 550 to 650 nm. The
dominant emission is 600 nm wavelength with a line width of 0.8 nm, a Q factor of
400, and a low lasing threshold of 100 μJ/cm2 under a 550 nm green laser pump.

Owing to their excellent ability to emit, transmit, and
modulate light in various architectures, organic nanoma-

terials have been attracting great interest in constructing
nanoscale photonic devices and circuits.1−3 Optical properties
of one-dimensional organic nanomaterials are fundamentally
different from those of inorganic counterparts,4,5 particularly in
quantum-dot-doped polymer nanowires. Because of high
photoluminescence efficiency and large stimulated emission
cross sections (∼10−15 cm2), polymer nanowires can enhance
the performance of nanophotonic devices.6−8 Recently,
considerable progress has been achieved in developing
subwavelength sized optically pumped lasers in polymer
nanowires, which can be used for assembly and manipulation
of arbitrary structures.9−13 The optical pumping of those
nanowires exhibits attractive qualities such as narrow line width,
high Q factor, and low threshold, which are promising for their
application in bioimaging and optical sensing.14−16 In a variety
of subwavelength sized optically pumped lasing structures, the
knot resonator,17 microring,18 and loop resonator19 are more
attractive because resonance occurs when the optical path of
the resonator is equal to an integer multiple of the resonance
wavelengths, which support multiple resonances.20 These ring
resonators show interesting emission efficiency and laser action.
However, the lasing threshold is up to 2.6 mJ/cm2.17 In this
work, we report a ring resonator-based multimode laser
emission with low lasing threshold of 100 μJ/cm2, which is
formed by CdSe−ZnS core−shell quantum dot (QD) doped
polyvinylpyrrolidone (PVP) single nanowires. The reason why
we chose PVP and QDs is that PVP is an amphiphilic surfactant
which can render the nanocrystals dispersible in water,21 while
QDs are a promising gain media for lasing.22 Interestingly, the
influence of ring resonator size and shape on Q factor, mode
number, and spectrum has been demonstrated.

QDs and PVP (n = 1.48) were purchased from Zkwy Bio-
Tech and Boai NKY companies, respectively. The QD-doped
polymer nanowires were fabricated by a direct drawing method
as follows: First, 680 mg of PVP was dissolved in 0.8 mL of
anhydrous ethanol to form homogeneous PVP ethanol
solution. Second, 340 μL of QD (5 nm in diameter) aqueous
solution (concentration 4 μM/L) was diluted in the PVP
ethanol solution. The mixture was stirred at room temperature
for 3 h and followed by a 40 min ultrasound to form a uniform
solution with an appropriate viscosity for drawing. Third, the
tip of a tapered silica fiber (diameter ∼125 μm) was immersed
into the mixture solution for 1−3 s and then pulled out with a
speed of 0.1−2 m/s, leaving a QD-doped polymer wire
extending between the solution and the fiber tip with very fast
evaporation of the ethanol. The diameter of the polymer wires
varies from 300 to 900 nm.
Figure 1a shows a typical scanning electron microscope

(SEM, HIROX, SH-5000M) image of a coiled single polymer
nanowire (average diameter ∼500 nm, length ∼1.25 mm)
containing QDs. Figure 1b shows the SEM image of nanowires
1−4 with diameters of about 900, 400, 400, and 500 nm,
respectively. Nanowires 1 and 2 are in parallel, while nanowires
3 and 4 are crossed. Figure 1c shows a high-resolution SEM
image of a 300 nm diameter nanowire. To closely inspect the
QD distribution in the nanowire, energy-dispersive X-ray
spectroscopy (EDS) and transmission electron microscopy
(TEM) (operated at 300 kV) were performed and shown in
Figure 1d. It can be seen from the inset TEM image that the
QDs (as indicated by yellow arrows) were successfully doped in
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Figure 1. SEM and TEM images of QD-doped polymer nanowires and EDS analysis. (a) SEM image of a coiled QD-doped polymer nanowire. (b)
SEM image of nanowires 1−4 with diameters of about 900, 400, 400, and 500 nm, respectively. (c) High-resolution SEM image of a 300 nm
diameter nanowire. (d) EDS spectrum and TEM image of a 500 nm diameter nanowire. The yellow arrows indicate the doped QDs.

Figure 2. (a) Schematic experimental setup. (b) Normalized spectra of absorption, emission, and pump laser. (c) A dark-field PL microscope image
of a QD-doped polymer nanowire with a diameter of 500 nm and a length of 200 μm, which is locally excited at one end with an optical pump of 100
μJ/cm2. The red arrows show the guiding direction of light. Inset: measured PL spectra at different positions along the nanowire. (d) Normalized PL
intensity versus guiding distance along the nanowire.
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the 500 nm diameter nanowire with estimated maximum
diameter variation ΔD ≈ 15 nm over a length L = 700 nm. The
EDS analysis confirms the existence of S (2.20 wt %), Zn (3.27
wt %), Se (0.27 wt %), and Cd (0.30 wt %) elements. The
estimated concentration of the doped QDs is 3.5 × 103 μm−3.
Optical characterization of the polymer nanowires was

carried out under an optical microscope using an experimental
setup as schematically shown in Figure 2a. A 550 nm
picoseconds pulsed laser (10 kHz repetition rate, 300 ps
pulse width) was used to pump the nanowires. The pump laser
was focused to a spot with a size of ∼50 μm through a 100×
objective (numerical aperture NA = 0.65). The photo-

luminescence (PL) signals were collected by the same objective
and directed through a dichroic mirror and a 550 nm notch
filter. The filtered light was split by a beam splitter and directed
to a spectrometer and a CCD camera for spectrum and image
measurement, respectively. Figure 2b shows normalized spectra
of the 550 nm pump laser, absorption, and emission. The
emission spectrum is centered at 600 nm with a full width at
half-maximum of about 41 nm which is the gain spectrum
profile for laser emission. Waveguiding properties of the QD-
doped polymer nanowires were investigated by focusing the
550 nm laser on the distal end of the nanowire. PL signals were
collected along the nanowire through a Micro spectropho-

Figure 3. (a) SEM image of a ring resonator formed by a 500 nm diameter QD-doped polymer nanowire with D = 40 μm and d = 20 μm. (b−f)
Dark-field PL microscope images at different optical pumps. Scale bar in panel b is applicable to panels c−f.

Figure 4. (a) Nanowire laser emission spectra for different incident optical pumps. (b) Laser emission intensity at 600 nm wavelength versus optical
pump, indicating a lasing threshold of about 100 μJ/cm2. (c) Multimode laser emission spectrum of a ring resonator at an optical pump of 270 μJ/
cm2. Inset: dark-field PL image of the ring resonator with circumference of 60 μm formed by a 500 nm diameter polymer nanowire. The large
diameter of the ring is 16 μm (as indicated in white double arrow line), while the short diameter is 5 μm (as indicated in yellow double arrow line).
(d) Multimode laser emission spectrum of a ring resonator at an optical pump of 320 μJ/cm2. Inset: dark-field PL image of the ring resonator with
circumference of 70 μm formed by a 500 nm diameter polymer nanowire with D = 26 μm and d = 11 μm.
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tometer (CRAIC 20/20 PV). Figure 2c shows a dark-field PL
microscope image of a QD-doped polymer nanowire with a
diameter of 500 nm and a length of 200 μm, which is locally
excited at one end with an optical pump of 100 μJ/cm2. The
inset shows PL spectra collected at different guiding distances
from the excited spot with a guiding distance interval of 30 μm.
Figure 2d shows the relationship of normalized PL intensity as
a function of guiding distance. The result indicates that the
normalized PL intensity decreases exponentially with an
increase of the guiding distance, which is a typical characteristic
of active waveguides.11 The PL intensity data are well-fitted by
the equation I = I0 exp(−γd), where I is the measured PL
intensity, I0 a pre-exponential factor which indicates the PL
intensity measured at very small d values, d the guiding
distance, and γ = 70 cm−1 the optical loss coefficient. It is worth
noting that the mechanisms affecting optical loss of the polymer
nanowire are self-absorption, Rayleigh scattering, surface-
mediated loss, evanescent coupling of light into the underlying
substrate, and confinement effects.11 Normally, self-absorption
will lead to a red-shift in PL spectrum. From the inset of Figure
2c, no red-shift occurred because the doped QD concentration
is 3.5 × 103 μm−3 (<5.5 × 103 μm−3), which is in accordance
with previously reported work.15,23 Second, some light escapes
laterally from the body of the polymer nanowire due to surface-
assisted scattering. These losses involve light propagating at
angles larger than the critical one (strictly related to the
orientation of the QD emitting dipoles inside the nanowire),
supported by surface roughness.24 However, due to the absence
of significant scattering spots along the nanowire body, this
mechanism is a minor process contributing to the measured
optical losses. Finally, three other mechanisms play a major role
in this work. In addition, we can minimize evanescent coupling
of light from the polymer nanowires into the surrounding
media by suspending the polymer nanowires in air.
To investigate the lasing properties of ring resonator, a 500

nm diameter QD-doped polymer nanowire was micromanipu-
lated into a ring resonator. Figure 3a shows its SEM image with
the large ring diameter D = 40 μm and the short ring diameter
d = 20 μm. The resonator was entirely irradiated by the 550 nm
laser beam through a 100× objective with a focused spot of
about 50 μm. Figures 3b−f show dark-field PL microscope
images of the ring resonator pumped by 50, 120, 220, 270, and
320 μJ/cm2, respectively. It should be pointed out that a little
difference between the shapes of the SEM image and the dark-
field PL microscope images is due to unavoidable vibration
during the move from PL image to SEM image measurement.
The PL signals from the ring resonator were collected

through an objective and measured by a spectrometer. Figure
4a shows laser emission spectra from the ring resonator at
different incident optical pumps. Figure 4b shows the
relationship between the integrated intensity of laser emission
around the 600 nm wavelength and the optical pump,
indicating a lasing threshold of about 100 μJ/cm2, which is 1
order of magnitude lower than that (2.6 mJ/cm2) of the dye-
doped polymer nanofiber knot resonator.17 With an increase in
the optical pump, multiple resonance peaks appeared in the
wavelength region from 550 to 650 nm (Figure 4a). According
to the whispering gallery mode theory,25,26 the free spectral
range is FSR ≈ Δλ = λ2/2nL, where λ is the resonant
wavelength, L the circumference of the ring resonator, and n
the refractive index of QD-doped PVP. Compared with pure
PVP (n = 1.48, no QDs doped), the refractive index of QD-
doped PVP is n = 1.5, which is estimated according to

previously reported work.27,28 Thus, the calculated FSR ≈ 1.2
nm is close to the measured FSR in the spectrum of 1.5 nm
(Figure 4a, optical pump of 320 μJ/cm2). The small difference
can be attributed to the equation FSR ≈ Δλ = λ2/2nL which is
an approximation because the effect of the substrate dielectric
on phase dispersion is neglected.29 The resonator quality factor
Q = λ/Δλ was calculated to be 400 at 600 nm resonant
wavelength.30 The quality factor can be tuned via the proper
control of ring resonator size. For example, Figure 4c shows the
multimode laser emission spectrum of a ring resonator with
mode number of 9 at an optical pump of 270 μJ/cm2. The inset
shows the dark-field PL image of the ring resonator with
circumference of 60 μm formed by a 500 nm diameter polymer
nanowire. The calculated FSR ≈ 2 nm is close to the measured
FSR in the spectrum of 2.2 nm. Thus, the calculated Q factor is
273 at 600 nm resonant wavelength. For comparison, Figure 4d
shows the multimode laser emission spectrum of a ring
resonator with mode number of 8 at an optical pump of 320
μJ/cm2. The inset shows the dark-field PL image of the ring
resonator with circumference of 70 μm formed by a 500 nm
diameter polymer nanowire. The calculated FSR ≈ 1.7 nm is
close to the measured FSR ∼2 nm in the spectrum. Thus, the
calculated Q factor is 300 at 600 nm resonant wavelength. Note
that the mode number is related to a balance between the FSR
and PL gain spectrum profile of QDs. Additionally, from
Figures 4c and 4d, it can be seen that the shape of the
multimode laser emission spectrum is strongly dependent on
the geometry of the ring resonator. This provides an
opportunity for the tunable multimode emission spectrum via
the proper design of the ring resonator. Overall, these results
indicate that the Q factor, mode number, and multimode laser
emission spectrum can be well controlled through careful
micromanipulation of the polymer nanowire. Also, for
individual resonance peaks in Figure 4d, the lasing wavelength
of the dominant mode blue-shifts from 600 to 599 nm, as
illustrated in Figures 4c and 4d with the incident optical pump
of 270 and 320 μJ/cm2, respectively. This phenomenon
manifests the frequency pulling effect in laser oscillations.31,32

From the above results, it can be seen that pulling effect, size,
and shape of the ring resonator influence the spectral
characteristics of the polymer nanowire ring resonator laser
simultaneously. It is important to control them carefully for
scientific research and practical applications. Although the
multimode laser with low lasing threshold operated in the 550−
650 nm spectral range has been demonstrated with a QD-
doped single polymer nanowire, a wide wavelength tunable
single-mode nanowire laser may be possible through the design
of a self-coupled resonator for mode selection.26

In conclusion, a ring resonator-based multimode laser
structure was successfully fabricated with the micromanipula-
tion of a QD-doped single polymer nanowire. The polymer
nanowire with an optical loss coefficient of 70 cm−1 was
assembled into a ring resonator with a short diameter of 20 μm
and a large diameter of 40 μm. Under 550 nm green laser
pumping, multimode laser emission with mode number of 9 in
the wavelength region from 550 to 650 nm was obtained for the
ring resonator. The dominant emission is at around 600 nm
wavelength with a line width of 0.8 nm, a Q factor of 400, and a
lasing threshold as low as 100 μJ/cm2. In addition, the influence
of ring resonator size and shape on Q factor, mode number, and
spectrum has also been demonstrated. It is expected that the
ring resonator laser formed by the polymer nanowire would be
a promising component in future nanophotonic devices.
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