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ABSTRACT

We have electrospun light-emitting nanofibers from ruthenium(II) tris(bipyridine)/polyethylene oxide mixtures. The electroluminescent fiber s
were deposited on gold interdigitated electrodes and lit in a nitrogen atmosphere. The fibers showed light emission at low operating voltages
(3-4 V), with turn-on voltages approaching the band gap limit of the organic semiconductor. Because of the fiber size, emission from electrospun
light-emitting nanofibers is confined to nanoscale dimensions, an attractive feature for sensing applications and lab-on-a-chip integration
where highly localized excitation of molecules is required.

Light-emitting sources with constrained dimensions have
received much attention because of their importance in
sensing and lab-on-a-chip applications.1-5 The ability to
shrink the size of an illumination source and couple it with
on-chip detection mechanisms can enable the production of
fully packaged, functional devices that operate without the
need of external optics. This can, in turn, enhance the
sensitivity and improve the signal-to-noise ratio of detected
fluorescence by limiting the number of interfaces through
which the emitted light has to propagate.6 State of the art
lab-on-a-chip devices use external illumination sources, such
as lasers or light emitting diodes (LEDs).2,3,6 Even though
LEDs are relatively inexpensive and can have submillimeter
size, they are still much larger than the typical micro- or
nanofluidic device and have to be mounted outside of the
sensing region. Some attempts have been made at fabricating
on-chip point sources that can be coupled to micro- and
nanofluidic devices.1,2,5,7 However, these point sources are
usually much larger than the fabricated devices, can be
expensive to fabricate, or do not emit in the visible spectrum.

Light-emitting devices based on organic semiconductors
have been demonstrated as efficient sources with character-
istics that make them attractive for flat panel displays,
lighting, and sensing applications.1,3,8-13 For many of these
materials, the organic semiconductor can be deposited
directly from solution, thus affording ease of fabrication.
Within the class of solution processable organic electrolu-
minescent materials, ionic transition metal complexes (iT-

MCs) have emerged as materials that allow the fabrication
of efficient, single-layer light-emitting devices employing air-
stable electrodes.14-23 These features are a consequence of
the operational mechanism of iTMC light-emitting devices,
which is similar to that of polymer light-emitting electro-
chemical cells.24-28 In these materials, ionic space charge
effects lead to both enhancement of electronic charge
injection (enabling the use of air-stable electrodes17) and a
light emission profile confined to a thin region of the active
area between the electrodes. These characteristics make
organic light-emitting devices, and in particular iTMC
devices, attractive candidates for on-chip light sources. In
this sense, having a light-emitting nanofiber based on an
iTMC could provide a point source emission profile, with
the axial dimension restricted by the iTMC operational
mechanism and the radial dimension given by the diameter
of the nanofiber.

Electrospinning is a well-developed electrohydrodynamic
method used to produce micro- and nanofibers from a variety
of dissolved materials without the need of expensive fabrica-
tion methods.29-31 In a typical electrospinning setup, high
voltage is applied to a droplet of the solution that rests on a
sharp conducting tip. As a result of molecular ionization and
charge redistribution, a Taylor cone is formed and a jet of
the solution is extracted.32 The formed jet is then accelerated
by the electric field and collected on a grounded substrate.
When a volatile solvent is used, in-flight solvent evaporation
occurs, hardening the fibers composed of the dissolved
material, which are deposited on the substrate. With this
technique, fibers have been electrospun from a wide variety
of polymers.33-35 Fibers containing biomolecules (e.g.,
enzymes36 and DNA37,38) and particles (e.g., viruses,39 carbon
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nanotubes,40,41 and CdSe quantum dots42) imbedded in a
carrier polymer, have also been produced. An advantage of
electrospinning is that the fibers can be deposited over
trenches or on conducting electrodes, facilitating mechanical,
optical, and electrical interrogation of the fiber properties.43

We have used the electrospinning technique to deposit fibers
containing electroluminescent iTMCs imbedded in a polymer
electrolyte on interdigitated electrodes to produce point
illumination sources.

The solution used for electrospinning was made by
dissolving ruthenium(II) tris(bipyridine) ([Ru(bpy)3]2+(PF6

-)2)
in dry acetonitrile at 50 mM concentration. The solution was
then filtered through a 450 nm polycarbonate membrane to
remove large particle impurities. Poly(ethylene oxide) (PEO,
106 Da MW, Sigma) was subsequently added as a carrier
polymer at 1-3% weight/weight ratio (10-30 nM concen-
tration of PEO polymer). The variation in the PEO percentage
allowed tuning the viscosity of the electrospinning solution
which affected the size of the deposited fibers. In addition
to the ease of electrospinning allowed by the material
properties of PEO, it has been also shown that PEO can have
a positive impact on the electrical characteristics of ruthenium
complex devices. Lyons et al. demonstrated improved
response times of Ru devices blended with PEO due to
enhancement of the ionic conductivity.44 In the past, other
polymers (e.g., poly(methyl methacrylate), polycarbonate,
and polystyrene) have been also blended with metal com-
plexes and used to make thin-film light-emitting devices.
Rudmann and Rubner have reported that such blends can
increase device lifetimes and improve film quality.45 Such
polymers blended with Ru metal complexes could also be
used to form electrospun light-emitting nanofibers. The fibers
used for the experiments described below were electrospun
using a microfabricated tip coated with a thin gold layer in
a setup as depicted in Figure 1a. The voltage used for
electrospinning was varied between 8 and 10 kV, and the
tip-to-substrate distance was kept between 25 and 40 mm.
The resulting fibers had diameters that ranged from 150 nm
(smallest fibers produced with 1% PEO solution) to several
micrometers (largest fibers from 3% PEO solution), as

confirmed by scanning electron microscopy (Figure 1b) and
atomic force microscopy profiles (Figure 1c). Some fibers
electrospun with 3% PEO content showed phase separation
between the polymer and the transition metal complex.

The silicon substrates used to collect the fibers had 300-
600 nm thermal oxide as an insulating layer with micropat-
terned gold interdigitated electrodes (IDEs, Figure 1a) on
top. Multiple fibers were electrospun onto IDEs with
interelectrode spacing of either 500 nm or 5µm. The
electrospun fibers were lit by applying a dc bias across the
IDEs in a dry nitrogen atmosphere. In this arrangement, each
fiber region spanning the interelectrode gap between a
positive and negative electrode could potentially produce a
local light-emission zone (though not all did in practice).
Thus, there were several emission zones for the overall IDE
device. In all experiments performed, the current passing
through the device was monitored as the voltage was ramped
up/down and light emission occurred. An important remark
is that because each device contained more than one fiber
on top of the IDEs, the current recorded was the total current
passing through all the fibers deposited on the device. The
substrates were imaged on an IX-71 inverted microscope
(Olympus), and light emitted from the electrospun lumines-
cent nanofibers (ELFs) was collected through a 50×/0.5 NA
LMPlanFl Objective (Olympus) and a D620/60 m emission
filter (Chroma). The electroluminescence spectrum for the
fibers was captured with a calibrated Ocean Optics S2000
spectrometer. Pictures and video recordings of the emitted
light were acquired using a Cascade512 CCD camera (Roper
Scientific). Videos recorded from the experiments were
analyzed with a custom program written in Matlab (The
Mathworks) to extract intensity data form each of the
emission zones in a fiber. The light emission was averaged
across representative individual light-emitting regions as
noted below.

In Figure 2, we demonstrate the highly localized nature
of the emission from ELFs. Panels a-c of Figure 2 show
the emission from a 1.1µm thick fiber operating at 50 V on
a device having a 5µm interelectrode spacing. Emission
occurs in the interelectrode gap and, in agreement with the
operational mechanism described above, the emission spans
only a small fraction of the entire 5µm active region of the
device. A fit of the emission profile to a Gaussian reveals a
full width at half-maximum (fwhm) amplitude of 540 nm in
both the axial and transverse directions in the plane of view.
It may be inferred that the out-of-plane dimension is limited
by the thickness of the fiber, as observed in the transverse
dimension, making these three-dimensional light-emitting
point sources. In the same way, panels d-f of Figure 2 show
the electroluminescence from an 800 nm diameter fiber lit
at 4 V on adevice with 500 nm interelectrode spacing. In
this case, the intensity profile is smallersa Gaussian fit of
the emitted light reveals an emission area with a 240 nm
fwhm along the axial direction and a 325 nm fwhm in the
transverse dimension. In reality this emission could be even
smaller, as the resolution of the measurement is restricted
by the diffraction limit of optical microscopy. Because the
emission spectrum of the ELFs is centered at 600 nm (Figure

Figure 1. Electroluminescent nanofibers can be easily produced
with electrospinning. (a) Schematic of the electrospinning setup
used to deposit the fibers on the substrate. Fibers are oriented by
the rotating motion of the substrate. Oriented fibers are obtained
over a wide area by scanning the tip sideways. (b) Scanning electron
micrograph of an electrospun nanofiber with a diameter of 150 nm.
(c) Atomic force micrograph of an electrospun nanofiber with∼300
nm height.
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3), the highly localized emission restricted to a cross-sectional
area of 240× 325 nm2 or smaller implies that the fabricated
devices operate as subwavelength point sources. This con-
finement is similar to the smallest visible spectrum, electri-
cally excited light-emitting sources produced to date with
much more involved and expensive techniques.5,46-48

Figure 3 shows the typical luminescent response to an
applied bias from fibers spun onto 5µm IDEs. The voltage
for fibers on these electrodes was ramped up from 0 to 130 V
using 10 V increments every 15 s. The current was found to
evolve with time in the periods between voltage increments,
a characteristic of devices incorporating mobile ions. Light
emission was detected via the CCD camera with voltages as
low as 10 V and could be detected by eye in a dark room at
100 V. Light emission appeared at well-defined locations,
forming emission zones with dimensions constrained ulti-
mately by the fiber diameter and the fraction of the interelec-
trode spacing where recombination occurs. As the voltage was
increased, more emission zones would frequently appear, re-
sulting in multiple light sources within a fiber and a given
IDE gap (Figure 3, bottom panel). Movement of the emission
zones with voltage was also observed, an effect noted to
occur due to changes in the relative amounts or mobilities of
electrons and holes in the device.24-27 Devices with fibers
electrospun onto 5µm IDE gaps were continuously operated
under nitrogen at 100 V for a period of 10 h to assess the
device stability. The emission zone imaged during this period

retained 75% of its original luminance, while the current
increased by 100%. Although some degradation occurs during
continuous operation at high voltages, relatively long life-
times are achieved. Higher device stability for continuous
operation in air could be attained by encapsulation of the PEO
light-emitting fibers or substitution of the carrier polymer.

ELFs deposited on 500 nm IDEs also emitted light when
the bias was increased, with emission at voltages as low as
2.6 V. In these experiments, voltages were typically ramped
between 0 and 4 V with 0.2 V increments every 15 s.
Emission from fibers deposited on 500 nm IDEs did not show
multiple emission zones for a given fiber in a particular
electrode gap. Instead, these locations showed a homoge-
neous emission zone, as seen in Figure 2. For both 5µm
and 500 nm IDEs each electrospun fiber typically spanned
several IDE gaps. Thus, light emission could typically be
observed from more than one electrode gap in a single fiber
(Figure 4). This represents an advantage when multiple light
sources are required in parallel, where the emission sites
would be defined by interelectrode gaps. For a particular
interelectrode gap having multiple fibers spanning it, only a
fraction of the fibers were found to be emitting, indicating
that current preferentially passed along more conducting fiber
sections. It was this fact that led to the isolated emission
images shown in Figure 2.

Current-voltage (I-V) and luminance-voltage (L-V)
plots were extracted from data collected from multiple fibers.

Figure 2. Electroluminescence from ELFs deposited on 5µm and 500 nm IDEs show highly localized emission. (a) Bright field image of
two fibers on a 5µm IDE gap, outlined by white lines. (b) Emission from the right fiber imaged in (a) captured with 100 ms exposure. (c)
Pseudocolor rendition of the square in (b) to illustrate intensity, white line marks the top of the IDE gap outlined in (a). Inset: intensity
profile from line spanning the emission zone. Full width at half-maximum (fwhm) of the peak corresponds to 536 nm. (d) Bright field
image of a single fiber spanning multiple 500 nm IDE gaps. A single gap where light emission occurs is outlined by two white lines. (e)
Emission from fiber imaged in (d), captured with 100 ms exposure. Intense light emission is observed from only one IDE gap. (f) Pseudocolor
rendition of square in (e), white lines mark the limits of the IDE gap outlined in (d). Inset: intensity profile from line spanning the emission
zone. fwhm) 240 nm.
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Typical results for 5µm and 500 nm interelectrode spacing
are shown in Figure 5. In these plots, current is reported for
the entire IDE array, and luminance is reported for a single,
representative emission zone. For 5µm IDEs, current and
light emission followed an exponential trend, with distin-
guishable turn-on occurring near 10 V. By reduction of the
interelectrode spacing to 500 nm, lower voltage operation
was achieved (Figure 5b). For these devices, the turn-on
voltage is reduced to 3.2 V, with a subsequent exponential
increase of the luminance with higher voltages. Interestingly,
the current shows a two-step ramping behavior, which
corresponds to monopolar and bipolar injection regimes.23

Upon application of the voltage, PF6
- ions redistribute,

leading to the onset of monopolar injection at 1.7 V. As the

bias is increased, the monopoloar current continues to
increase in an exponential fashion until sufficient PF6

-

motion has occurred to establish the second carrier injection
at 3.2 V, initiating the onset of light emission.

To determine whether ion redistribution influences the
observed current and luminance behavior in the current
response from fibers electrospun onto 500 nm IDEs, we
performed sequential voltage scans and followed the current
and luminance. The voltage was ramped up, held at 4 V for
10 min (allowing the current to reach a steady state), and
then ramped down and held at 0 V for 10 min. If the observed
behavior was due to ion-assisted injection, the downward
voltage ramp should reveal new current features as signifi-
cantly more ionic space charge should be concentrated at
the contacts. It is presumed that the ion mobility is too slow
for significant PF6- ion redistribution to occur on the
downward scan on these time scales relative to the ionic
distribution obtained on the 10 min of charging. Thus, for
the time scales involved, the current should reflect expo-
nential relaxation as the voltage is ramped down, similar to
a conventional LED.

Figure 6 shows the experiment for one such scan for a
single fiber spanning several 500 nm IDE gaps. The data
reflect the total current going through the device and the
luminance observed from nine individual emission zones that
lit up in the field of view. The current behavior as the voltage
was ramped up showed two-step operation consistent with
the observations discussed above. Luminance was detectable
on the ramp-up at voltages above 3.2 V. The device was
maintained at 4 V for 10 min, and then the voltage was
ramped down. As the voltage was ramped down, a single
step was observed for the current, consistent with our
hypothesis of ion-assisted injection. The luminance also
decreased in an exponential fashion and could be detected
with voltages as low as 2.6 V, lower than the 3.2 V turn-on
voltage observed on the ramp up. This shift in the onset of
emission upon the ramp up and the ramp down can be
explained on the basis of ion motion. Namely, the device
continues to emit on the ramp down due to the slow
relaxation of ions to/from the electrodes, which continue to
assist charge injection. This behavior was reproduced for
subsequent scansstwo-steps in the current as the voltage was

Figure 3. Light emission from fibers deposited on 5µm spacing
interdigitated electrodes (IDEs): top left, bright field image of two
fibers spanning an IDE gap (dark region in background); top right,
electroluminescence spectrum of light emitted from ELFs; bottom,
light emission from the fibers evolves as voltage is increased.
Multiple emission zones are formed within a gap for fibers spanning
5 µm IDEs.

Figure 4. Light emission from multiple interelectrode gaps can be observed for a single fiber. (a) Bright field image of an electrospun
fiber spanning several 500 nm IDE gaps. Electrode gaps have been outlined. (b) Emission from fiber imaged in (a) at 4 V. (c) Pseudocolor
rendition of (b) for comparison of intensity in individual gaps.
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ramped up, and exponential relaxation of the current as the
voltage was ramped down. Hence, the observedI-V and
L-V characteristics can be understood in terms of ion space
charge effects.

In summary, we have shown that light-emitting fibers
made from [Ru(bpy)3]2+(PF6

-)2/PEO mixtures with dimen-
sions in the 150 nm to 5µm range can be easily produced
via the electrospinning method. Fibers were successfully lit
on devices containing IDEs with interelectrode gaps of 5
µm and 500 nm. Light emission from the fibers spun on
500 nm IDEs was readily detectable with a CCD camera
with voltages as low as 3.2 V and visible to the naked eye
at 4 V, approaching the band gap limit for the organic
semiconductor.14 Emission from the fibers was found to be
highly confined to planar regions 240× 325 nm2 or smaller,
with imaged emission areas small enough to be limited by
diffraction of the microscope. The light sources here
presented could be easily integrated into micro- and nanof-
luidic devices for on-chip illumination. The existence of ionic
transition metal complexes with emission at different wave-
lengths in the visible spectrum20-22 also enables the produc-

tion of nanoscopic light emitting sources that can excite
multiple fluorescent tags. This, in turn, should enable the
full integration of excitation and detection mechanisms on
lab-on-a-chip devices.
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