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Laser Emission from Electrospun Polymer Nanofibers**
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One-dimensional (1D) photonic nanostructures[1] are attracting

a growing interest because they can be employed in components

of sub-wavelength size for light generation, confinement,

guiding, and detection. In particular, organic[2] and inor-

ganic[3] nanowires are 1D elements capable of realizing both

active and passive photonic circuits. The properties of

synthesized nanowires have been widely investigated, which

has led to the demonstration, for instance, of 1D elongated

nanoparticles suitable for the light amplification through

stimulated emission.[4] Upon controlled assembly[3d,e] and

manipulation,[5] nanowires have been utilized complementary

to photonic band-gap structures and plasmonic-based devices

in nanophotonics,[6] relying instead on optical elements

directly fabricated on chip.

Among other nanostructures, polymer nanofibers[7] are

novel, cheap, and flexible building blocks potentially employ-

able in functional, optical, and electronic nanoscale circuits.

They can be fabricated by different approaches,[8] although

electrospinning (ES), based on the stretching of a polymer

solution under electrostatic forces, represents a practically

unique technology that combines low cost and high through-

put. Moreover, the addition of active components (i.e.,

nanoparticles or molecular species) to the ES polymer

solution allows one to obtain composite nanofibers with

specific functionalities.[7,9,10] In particular, recently achieved

light-emitting electrospun nanofibers[9–12] are currently under

study for their waveguiding properties,[10] and for their

photo-[11,12] and electroluminescence.[9] These nanofibers

can be assembled in ordered structures and arrays,[13,14] and

they can potentially be used to realize fully plastic, nano-/

microscale optical devices and circuits.

Integrated nanophotonic systems would especially benefit

from the availability of nanoscale laser sources, which are
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characterized by high monocromaticity, directionality, and

coherency, and are crucial for optical information proces-

sing.[15] Achieving miniaturized light-emitting sources is also

gathering interest for integration in sensors and lab-

on-chips.[16] So far, the achievement of organic, 1D nanoscale

lasers is still limited to poly(9,9-dioctyfluorene), para-

sexiphenyl, and 2,4,5-triphenylimidazole nanowires.[17] These

nanostructures are synthesized by low volume solution

processing under inert atmosphere, followed by melt-assisted

template pore wetting,[17a] or by vacuum sublimation growth

at high temperature with typical rates of fraction of Å s�1.[17b]

For these reasons, cheap, easy, and high-throughput fabrica-

tion routes allowing one to obtain 1D organic lasing media

deserve to be explored in depth. The one-step, massive

realization of flexible gain nanofibers by ES in air may enable

the large-scale production of organic lasing building blocks

and the full integration of coherent polymer sources in optical

microsystems and disposable diagnostics. In this Communica-

tion, we report on lasing action by composite electrospun

polymer nanofibers emitting in the visible and near-infrared

(NIR) spectral region. The remarkable potential of electro-

spun, flexible gain nanofibers as active waveguides and lasers

are presented. As a prototype system, we demonstrate single-

mode optically pumped lasing sources based on individual

electrospun nanofibers emitting at 585 nm with linewidth of

0.3 nm and excitation threshold fluence as low as 60mJ cm�2.

The morphology of our fibers, imaged by scanning electron

microscopy (SEM), is shown in Figure 1. Nanofibers with

diameter (df) ranging from 50nm to a few hundreds of nm are

produced, depending on the applied voltage and the solution

feeding flow (Figure 1c and d). By increasing the applied

electric field, E, we obtain smaller diameters (average values

of df¼ 190 and 500 nm at an applied voltage of 27 and 15 kV,

respectively) and narrower size distributions (standard

deviation¼ 70 and 100 nm, respectively). The solution feeding

flow, f, can also be used to control df. For instance, at a fixed

applied voltage of 24 kV, the average fiber diameter changes

from 190 to 220 nm upon increasing the injection rate from 1 to

10mL min�1. These findings are consistent with theoretical

models for thinning viscoelastic jets of Newtonian solutions

accelerated by electric fields,[18] which predict df scaling as

(f/E)2/3. The single fiber surface is found to exhibit a root-

mean-square roughness of about 6 nm (l/10) using atomic

force microscopy (AFM).

The absorption and photoluminescence (PL) spectra of

Rhodamine 6G (R6G)-doped polymer nanofibers are shown

in Figure 2a and b, respectively. The absorption shows a peak

at 530 nm, which is a signature of embedded gain dye
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Figure 2. Absorption (a) and PL (b) spectra of fiber mats (continuous

lines) incorporating R6G as gain molecule, and of the corresponding

reference films (dashed lines). c) FTIR transmission spectra of R6G

polymer nanofibers (continuous line) and of a corresponding reference

film (dashed line). Spectra are normalized to the intensity of the

1723 cm�1 peak. Inset: zoom-in of the transmission spectra in the

range 2800–2960 cm�1. The two vertical lines indicate the position of

the peaks at 2843 cm�1 (fiber) and at 2847 cm�1 (film), corresponding

to the symmetric stretching mode of CH2.

Figure 1. SEM fiber micrographs (a, b) and corresponding diameter

distributions (c, d) for mats spun with an applied voltage of 15 and

27 kV, respectively. Insets of (c) and (d): SEM images of single nanofibers.

Scale bars are 300 and 200nm, respectively. ES parameters:

needle-collector distance¼12cm, f¼9mL min�1.
molecules. The comparison with a reference film evidences a

broad spectral component, related to scattered incident light,

in the fiber absorption at long wavelengths. Upon continuous

wave (CW) excitation of the nanofibers, the PL peak

is detected at 570 nm, with characteristic R6G vibronic

replicas at 610 nm and 690 nm. Interestingly, the PL spectrum
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is red-shifted by about 5 nm with respect to that of the

reference film. Since the local microenvironment surrounding

gain compounds can influence the emission wavelength,

causing blue- or red-shifts depending on the chemico-physical

features (density, refractive index, polarity) of the host

material,[19] this finding suggests that the ES process may

modify the molecular arrangement in the thermoplastic

matrix.

This issue is investigated by Fourier transform infrared

(FTIR) spectroscopy (Figure 2c), which evidences softened

vibrational modes of host poly(methyl methacrylate)

(PMMA) in nanofibers with respect to the bulk film. In the

fibers, the CH2 antisymmetric and symmetric stretching modes

near 2900 and 2840 cm�1, respectively (inset of Figure 2c), and

the CH2 bending modes at 1500–1300 cm�1, which are

sensitive to alkyl chain conformation,[19,20] show a shift (by

1–4 cm�1) toward lower wavenumbers. These results indicate

that the polymer fibers take on a specific conformation with a

more ordered organization of lateral chains, as induced by the

electrostatic field.[21] In addition, the nanofiber spectra present

a large broad band above 1800 cm�1 due to the superposition

of modes from N–H stretching and C–H stretching of the R6G

xanthene ring and phenyl, ethyl, and methyl external groups.

N–H stretching modes of R6G are indicative of the formation

of hydrogen bonds in the solid state,[22] and suggest an

enhanced interaction (with weak bond formation) of the gain

compound with the polymer. Such guest–polymer bonds,

together with the matrix polarity affected by the matrix

arrangement, likely result in the observed red-shift of the

nanofiber emission.

Importantly, gain molecules can be embedded in nano-

fibers without any degradation of the emissive properties, and

with remarkable waveguiding properties. We fabricated fibers

using many different chromophores that emit light in the Vis–

NIR (Figure 3). The fibers are easily tunable and exhibit a

bright and uniform PL, which demonstrates the homogeneous

incorporation of the active molecules. These materials can be

straightforwardly exploited as nanoscale, incoherent light

sources or fluorescent probes. Moreover, by fluorescence

microscopy we note that the fiber tips appear brighter than the

body, which is a clear evidence of light waveguiding due to the

higher refractive index of the polymer (n¼ 1.49 at 600 nm)[23]

compared to the surrounding air medium (Figure 4).[24]

Waveguiding occurs also in bent fibers, with no appreciable

increase of the scattered light in the bending region, and we

even observed on-axis optical coupling between different

fibers (Figure 4a and b). To quantitatively analyze the guiding

performances, we measured the propagation losses of

radiation by imaging the scattered photons from the surface

of single fibers. Assuming uniform and randomly distributed

scattering centers throughout the fiber, such scattered light is

representative of the attenuation of the optical mode

propagating into the waveguide. The losses are determined

by measuring the intensity of the light scattered from the fiber

surface as a function of the distance, d, from the excitation

region (Figure 4c). Upon increasing d, the PL intensity

decreases as�exp(�ad), with a loss coefficient, a, in the range

200–1200 cm�1. The exponential decay of light along the fiber

axis indicates the predominance of losses due to absorption in
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Figure 3. Photographs of gain nanofibers under white (a) and UV (b) light. From left to right,

the fibers embed Coumarin 334, R6G, and Nile Blue A Perchlorate. (c) Nanofiber PL spectra

under excitation with laser light (3.05 eV). From left to right, spectra from fibers with Coumarin

334, R6G, Nile Blue A Perchlorate, 2-(8-(4-p-Dimetyhlaminophenyl)-2,4-neopentylene-

1,3,5,7-octatetraenyl)-3-methylbenzothiazolium Perchlorate, and 5,50-dichloro-11-
diphenylamino-3,30-diethyl-10,12-ethylenethiatricarbocyanine Perchlorate. (d–g) Fluor-

escence images of fibers with Coumarin 334 (d), R6G (e, f), and NileBlue (g). Scale bar: 10mm.
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the organics. This is confirmed by the red-shift of the guided

PL emission at the fiber tip with respect to light emitted

directly from the excited region, because self-absorption is

more relevant for emitted photons with higher energy. The

measured loss values, comparable to those reported for

conjugated polymer nanowires,[25] can be decreased down to

fractions of cm�1 by doping active polymer waveguides with

donor/acceptor pair materials.[26,27]

Finally, the fibers were tested for laser emission. Because

of the high confinement of the emitted light, each fiber

constitutes a Fabry–Pérot cavity for spectral selection and light

amplification. In fact, while the spectra of reference films

under pulsed optical excitation peaked at 600 nm with a full

width at half maximum (FWHM) of 20 nm, which is typical of

amplified spontaneous emission (ASE) from the gain

molecule, ASE from the fibers peaked at 580 nm with

FWHM¼ 8 nm (Figure 5a). This difference is related to the

different geometry of the waveguide assisted ASE, which

directly affects the spectral properties of the resulting optical

amplification.[28] More importantly, for pumping fluences

larger than 60mJ cm�2, the fiber spectra exhibit sharp emission

peaks in the gain region, with a FWHM below 0.5 nm

(Figure 5b). The intensity of the narrow peaks grows linearly

with the pump fluence above threshold (Figure 5c), char-

acteristic of laser emission. This allows us to demonstrate for

the first time lasing action from electrospun polymer

nanofibers. The presence of a large number of lasing modes
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in experiments carried out on nanofiber

ensembles is due to the fiber size disper-

sion. In particular, we note that the

observed sharp emission peaks cannot be

attributed to random lasing effects since

the number and spectral positions of the

lasing modes remain constant over time

and upon an increase in pump fluence.

Instead, the spectra of single nanofibers

clearly show the spectral features of a

Fabry–Pérot cavity, namely equally spaced

modes and increased intensity of a parti-

cular mode above threshold, such as the

mode at 585 nm with FWHM 0.3 nm in

Figure 5d. For a cylindrical cavity of length

l and central wavelength lc, the mode

spacing, Dlc, is given by

Dlc ¼ ðl2c=2lÞ n� lc
dn

dl

����
lc

 !�1

(1)

where dn/dl is the refractive index dispersion.
By the measured mode spacing (1.3 nm),

we calculate a cavity length of 87mm. This

is in excellent agreement with the mea-

sured fiber length, which confirms that the

cavity optical feedback results in the

observed lasing of the nanofibers.

In summary, we demonstrate flexible

lasers by electrospun gain nanofibers. The
fibers show bright luminescence, effective optical waveguid-

ing, and laser emission with a linewidth of 0.3 nm, a threshold

of a few tens of mJ cm�2, and well-behaved input–output

characteristics. The lasing performances, linewidth, and

threshold fluence are comparable to state-of-the-art results

of macroscopic polymer lasers fabricated by soft lithography

and imprinting,[29] but with more potential for integration as a

coherent light source in biosensors and microsystems. This is

especially interesting in view of embedding excitation sources

for chromophores and labeled antibodies flowing within lab-

on-chip microfluidic devices, which to date have been

necessarily connected to external lasers or lamps for

fluorescence excitation. Furthermore, nanofibers can be

assembled in ordered structures,[13,14] allowing the realization

of photonic circuits and logic arrays based on coherent, active

components. These findings open, therefore, the possibility of

high throughput and cost-effective production of fully organic

nanoscale photonic systems based on coherent emitters.

Experimental Section

Nanofibers were fabricated by an ES set-up composed by a

syringe, a spinneret (a 18–23 gauge stainless steel needle), a high

voltage power supply (10–30 kV), and a grounded aluminum foil

used as collector (10�10 cm2). The set-up was mounted on an

isolating stand at a variable distance from the needle (10–30 cm).

Gain molecules (0.2–0.5 wt%) were dissolved in a 1–3�10�3
M
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Figure 4. Bright field (a) and fluorescence (b) micrograph of a com-

posite fiber. Scalebar¼ 10mm. The PL is excited by a tightly focused

laser (yellow spot in b) and part of the emitted light is coupled in the

fiber and observed at the fiber tips (bright spots in b). The spot labeled

as A (closest to the excitation spot) is due to scattering from surface

defects. The arrow indicates the point of optical coupling between two

fibers, evidencing the gap between the two fibers. The spot B is due to

light emitted in the first fiber, and exiting from the edge of the second

(unexcited) fiber. c) Scattered PL intensity as a function of the distance

(d) from the excitation spot. The continuous line is a fit to the data by an

exponential decay. Inset: typical fluorescence image of a fiber under

loss analysis. Scale bar¼ 10mm.

Figure 5. a) ASE spectra of nanofibers (continuous line) and reference

film (dashed line). b) Fiber emission spectra for different incident pump

fluences. From bottom to top: 50, 65, 70, and 100mJ cm�2. c) Laser

emission intensity versus excitation fluence. The continuous line is a

linear fit to the data in the range 60–350mJ cm�2. d) Emission spectrum

of a single R6G fiber at a pump fluence of 150mJ cm�2.
chloroform solution of PMMA, and the resulting mixture was

injected into the syringe by a pump at variable rate (0.1–10mL

min�1). ES was performed at room temperature with about 50%

air humidity, and nonwoven mats of dry nanofibers with typical

lengths from 10 to 100mm on quartz substrates were collected.

Reference films were spin-cast (4000 rpm) from the same solution.

Fiber morphology was investigated by SEM and AFM. SEM analysis

was performed by exploiting a Raith 150 electron beam system

operating with an acceleration voltage in the range 5–10 kV and

an aperture size of 30mm. AFM tapping mode measurements were

performed by using a Nanoscope IIIa controller with a Multimode

head (Veeco). Absorption spectra of the nanofibers were collected

by a spectrophotometer (Lambda 950, Perkin Elmer) and FTIR

spectroscopy measurements were performed by a Spectrum 100

(Perkin Elmer) spectrometer equipped with an attenuated total

reflectance accessory, with a mounted Zn-Se crystal for coupling.

Fluorescence images were acquired by a stereomicroscope (Leica)

using a Hg lamp as excitation source and a color charge coupled

device (CCD) as detector. Waveguiding measurements were

carried out by an up-right microscope (Olympus) equipped with

a 100� objective (N.A. 0.9) and a CCD camera. The excitation

laser beam was coupled into the microscope objective through a

dichroic mirror. The CW PL was measured upon excitation with a

CW diode laser (405 nm) and collection of the emission spectra by
small 2009, 5, No. 5, 562–566 � 2009 Wiley-VCH Verlag Gmb
a fiber-coupled monochromator (iHR320, Jobin Yvon) and a CCD

camera. For lasing measurements, the fiber mats were excited by

the second harmonic of a Nd:YAG microlaser (532 nm, pulse

duration 0.6 ns, repetition rate 100 Hz), whose fluence was

attenuated by neutral density filters and measured by a calibrated

energy meter (Coherent). The excitation beam was focused on the

mats by a cylindrical lens and shaped by a mechanical filter into a

rectangular spot (0.30�0.05 cm2), or coupled to the up-right

microscope for the characterization of single fiber laser emission.
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