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O
rganic light-emitting devices
(OLEDs) have been attracting
much attention for their remark-

able advantages, including full color capa-
bility, high efficiency, mechanical flexibil-
ity, lightweight, and significant potential
for lowmanufacturing costs.1�4 In particular,
OLEDs having a fiber form factor hold great
promise to integrate optical and optoelec-
tronic devices into textile. Recently, fiber-
based electroluminescent devices have
been built on the surface of an optical fiber
with a diameter ranging from a few micro-
meters to hundreds of micrometers.5,6 They
are fabricated via a conventional fabrication
route, starting on a substrate followed by
sequential deposition and patterning of
multiple thin films.5,6 With a continuing
trend toward lightweight and conformable
optical and optoelectronic textile technol-
ogy, smaller, more flexible light sources and
many other important optoelectronic de-
vices are being continuously developed, by
using different fabrication techniques.7�15

An excellent example is using preform-
based fiber-processing methods to embed
multiple layers of conductors, semiconduc-
tors, and insulators in a single fiber. The
fibers are thermally drawn and share the
basic device attributes of their traditional
electronic and optoelectronic counterparts
such as surface-emitting fiber lasers, photo-
detectors, and optical resonators.7�10 Light-
emitting nanowires and nanotubes have
also been demonstrated via template-
assisted synthesis,11 vacuum sublimation,12

and dip-pen nanolithography.13 These nano-
fabrication methods, however, generally
suffer from a low throughput.14 Recently,
electrospinning has been employed to de-
velop light-emitting nanofibers with a rela-
tively high throughput.15 The devices are
formed by spinning a polymer nanofiber
embedding ruthenium-based ionic transi-
tion-metal complex (iTMC) onto an array of
microfabricated interdigitated electrodes.
This simple method allows the nanofiber to
emit discrete lights at interelectrode spacing

by applying a voltage to the electrodes.15

Photoluminescent nanofibers of conjugated
polymers, copolymers, and their blends have
also been reported, by combining electro-
spinning and nanoimprint lithography.14

But they require external optical excitations
to emit lights.
Electrospinning is a simple, inexpensive,

and effective method for producing fibers
with a diameter ranging from several tens of
nanometers to a fewmicrometers.16�18 This
is a popular textile manufacturing process
that dates back to the 1930s. Novel applica-
tions are being continuously investigat-
ed, as morphologies of electrospun fibers
(e.g., core�shell,19�22 side-by-side,23 and
multiple compartment structures24,25) can
be realized by using modified electrospin-
ning techniques. Particularly, coelectrospin-
ning allows the fabrication of complex fibers
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ABSTRACT

Ionic transition-metal complex (iTMCs)-based electro-luminescent nanofibers (TELFs) are developed

by using coelectrospinning. A single TELF consists of a Galistan liquid metal core (cathode), an iTMC-

based polymer shell, and an ITO thin film coating (anode). Lights emitted from the TELFs can be

detected by a CCD camera at 4.2 V and seen by naked eyes at 5.6 V in nitrogen. The TELFs are

structurally self-supporting but do not require a physical substrate (generally relatively bulky and

heavy) to support them, rendering one-dimensional light sources more flexible, lightweight, and

conformable. This technology can be beneficial to many research and development areas such as

optoelectronic textile, bioimaging, chemical and biological sensing, high-resolution microscopy, and

flexible panel displays, particularly as iTMCs with emission at different wavelengths are available.

KEYWORDS: electrospinning . nanofibers . light emitting devices .
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with hollow interiors, core�sheath complexes, and
tubular multicompartments for use in textile, bio-
science, energy harvesting, and storage.16,26 It is note-
worthy that encapsulation of various type of liquids
such as drug-containing fluids and liquid crystal in a
hollow interior core of electrospun core�shell micro/
nanofibers have been reported.16,27�29

In this paper, we report on our effort to develop
novel iTMCs-based electro-luminescent fibers (TELFs)
using coelectrospinning. Figure 1a shows the sche-
matic architecture for the TELF in this study. The device
consists of three coaxial layers in a single fiber. The
inner hollow core is filled up with highly conductive,
continuous phase liquid metal Galinstan (conductivity:
3�4� 106 S/m at 20 �C) as the cathode. Galinstan is in a
liquid format room temperature. It consists of 68.5wt%
Ga (work function or WF = ∼4.2 eV), 21.5 wt % In
(WF =∼4.12 eV), and 10wt% Sn (WF =∼4.42 eV) with a
low melting point at �19 �C. This liquid core is sur-
rounded by a polymer shell of iTMC-based organic
electroluminescent material drawn from a mixture of
ruthenium(II) tris(bipyridine) (Ru(bpy)3]

2þ(PF6)
�)2) and

poly(ethyl oxide) (PEO). Here coelectrospinning is em-
ployed toencapsulate the liquidmetal into theRu�metal
complex polymer shell in a single step. The outermost
coating is a highly conductive and transparent
indium�tin oxide (ITO, WF = ∼5.0 eV) thin film as the
anode. This coaxial fiber can emit light by applying a
voltage between the two electrodes, providing a super
flexible one-dimensional submicrometer light source.

Generally, iTMCs support all three ionic space charge
effects, including charge injection, charge transport,
and emissive recombination, thereby exhibiting light
emitting properties in a single layer of iTMC between
two air-stable electrodes.30�34 The majority of OLEDs
with remarkable performances employed vapor evap-
orated metals as cathodes. Interestingly, it has been
demonstrated by other researchers that using flexible
liquid metal as cathodes in OLEDs can increase elec-
trical current and brightness for OLEDs.35 The use of
liquid metal cathodes resulted in sharper metal�
organic interfaces than the use of vapor-deposited
metal cathodes becausemetal atoms in liquid cathodes
were strongly bound together which provided an
energy barrier to minimize diffusion of metal atoms
into the polymer.35 Here in this study, we integrate the
Galinstan liquid metal core and the iTMC-based poly-
mer shell into a single fiber. Interestingly, the TELFs are
structurally self-supporting, but do not require a physical
substrate (generally relatively bulky and heavy) to sup-
port them, rendering one-dimensional light sources
moreflexible, lightweight, andconformable.Additionally,
because fabrication processes for making TELFs start in
air by coelectrospinning, a wide variety of materials (e.g.,
glass, metal, clothing, plastic) can be chosen to collect
TELFs, having less restriction on surface conditions and
material properties of candidate collector materials.
The solution preparation method and electrospin-

ning setup for fabricating the Ru�metal complex shell
and liquid metal core are described in Experimental

Figure 1. (a) Schematic structure of a TELF. The liquid core contains Gallistane liquid metal as the cathode. The second layer
from the core ismadeof iTMC-basedelectroluminescentpolymer. Thedevice surface is coatedwith a transparent ITO thinfilm
as the anode by evaporation. The liquid core and polymer shell are formed by coelectrospinning. (b) Schematic setup of
coelectrospinning. (c) TEM image of a TELF. (d) Optical image showing the iTMC shell at the end of a TELF. Gallistane liquid
metal is encapsulated by the iTMC shell. (e) Optical image showing aligned TELFs across an air gapbetween two steel rods of a
collector (see schematic of fabrication processes in Supporting Information).
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Section. Schematic fabrication processes are described
in the Supporting Information. Briefly, a spinneret is
designed to allow delivery of two solutions indepen-
dently by syringe pumps. The flow rate for feeding
Galistan liquid and [Ru(bpy)3]

2þ(PF6)
�)2/PEO solution

into the spinneret is 0.13 and 0.25 mL/h, respectively.
The distance between the spinneret and the fiber col-
lector is 8 cm. Here the collector is formed by two
parallel steel rods with a 20 mm air gap (Figure 1b and
Supporting Information). The spinneret is chargedwith
a voltage of 7.5 kV. A liquid coaxial jet is pulled out of
the tip of a compound Taylor cone and stretched and
bent by electric field. Solvent evaporation from the
thinned jet results in liquid core�polymer shell fibers
falling on the collector. The fibers are aligned perpen-
dicular to the axial direction of the two rods because of
electrostatic interactions (Figure 1e).19 Then, the fibers
are carried by the rods and transferred into a conven-
tional evaporator for depositing an ITO thin film all over
the surface of the fibers. Only the central portion (3mm
long) of the fibers between the two rods is exposed to
deposition, while the other portions are masked. Sub-
sequently, 7mm long fibers are cut by a razor blade and
picked up onto a glass slide (Supporting Information).
Thus, there is a 2 mm-long region uncovered by ITO on
each side of the fibers (Figure 1d). Finally, epoxy (No.
15277, Super Glue, CA) is used to seal the two open
ends to avoid leakage of liquid metal. Thus, the TELFs
are fabricated. Transmission electronmicroscopic (TEM)
inspection reveals dimensions of the fabricated TELFs

as follows (Figure 1c): the diameter of the core d =
204( 35 nm; the thickness of the [Ru(bpy)3]

2þ(PF6)
�)2/

PEO shell t1 = 212 ( 43 nm; the thickness of the ITO
coating t2 = 70( 12 nm. The total diameter of the TELF
is 798 ( 68 nm. By changing the flow rate of Galistan
liquid and Ru�metal complex solution to be 0.15 and
0.31 mL/h, respectively, we are able to fabricate thick
TELFs with d = 207 ( 27, t1 = 317 ( 63, and t2 = 71 (
15 nm. The source materials and setup for fabricating
these thick TELFs are exactly the same as those for
fabricating the aforementioned thin ones.Wename the
thin and thick TELFs “TELF-1” and “TELF-200, respectively.

RESULTS AND DISCUSSION

Experimental testing setup to characterize electro-
luminescence of the TELFs is described in Experimental
Section. Galistan liquid in the core (cathode) is reached
by poking the Ru�metal complex shell using a gold-
coated atomic force microscope (AFM) tip. To test the
device, a voltage is applied between the AFM tip and
the ITO coating (anode). Figure 2a,b shows electrolu-
minescence from TELF-1 and TELF-2, respectively. Both
are operated at 6.4 V in nitrogen (N2). Light emission is
captured by a CCD camera and analyzed byNIH ImageJ
software (National Institutes of Health, Bethesda,
Maryland). Emission intensity is represented by gray-
scale value. Gaussian function is used to fit the curve of
grayscale value as a function of distance in transverse
direction of each device. The full width at half-maximum
(fwhm) amplitude is found to be 855 ( 162 nm

Figure 2. (a,b) Electroluminescence from TELF-1 (a) and TELF-2 (b) captured by a CCD camera. Both devices operate at 6.4 V in
N2. The rectangular inset in each panel shows the optical microscopic image of the corresponding TELF. The squared inset in
each panel displays part of light-emitting region of the corresponding TELF. (c) Grayscale intensity profile from a 2 μm-long
line crossing transversely TELF-1 (see square inset in panel a), and TELF-2 (see square inset in panel b). (d) Electroluminescence
spectra of light emitted from TELF-1 and TELF-2.
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for TELF-1, and 984( 187 nm for TELF-2 (Figure 2c). The
standard deviations of fwhm value are obtained from
the measurement results of 14 TELF devices with each
device having 20 sampling locations. The result con-
firms that highly localized emissions are confined with-
in diameter ranges. The grayscale intensity for the light-
emitting region of TELF-1 is higher than that of TELF-2
(Figure 2c). Because a higher strength electric field is
built in a thinner iTMC layer, more charge carriers are
injected into the thin iTMC layer of TELF-1and thus
more emissive charge recombinations occur in there.
Thus, device dimensions and emission intensity of
TELFs are adjustable by tuning coelectrospinning para-
meters. Luminescence spectra of light emitted from
these two devices are measured by a spectrometer
(Figure 2d). The characteristic emission wavelength of
both devices stays the same at around 598 nm,which is
independent of device dimensions.
Figure 3a displays light emission from TELF-1 in

response to four different voltages applied in N2.
Notably, light emission is detectable by a CCD camera
when TELF-1 operates at as low as 4.2 V. At the operat-
ing voltage of 5.6 V, we can see luminescence from the
device by naked eyes. The corresponding mean gray-
scale intensity value for the eye-detectable light-
emitting region is 24.5. Clearly, increasing the voltage
applied causes an increase in the luminance from
the device (top panels in Figure 3a). Actually, the
mean grayscale value for the light-emitting region
is increased exponentially with the voltage applied,
which will be discussed later. Variations in grayscale
emission intensity along the axial direction of the
TELFs (bottom panels in Figure 3a) is possibly caused

by the following factors: nonuniform distribution of
[Ru(bpy)3]

2þ(PF6)
�)2 in PEO matrix, nonuniform trans-

verse dimensions of the devices, and/or a poor cover-
age of ITO on the device surface.
Current�voltage characteristic of both thin TELF-1

and thick TELF-2 are measured (Figure 3b). Here, the
voltage applied to both devices is increased from 0 to
7 V with a step of 0.2 V every 20 s. We find that as the
voltage is increased from a lower value to a higher one,
the current first fluctuates and then becomes stable in
5�10 s. Given an applied voltage, the thinner the
Ru�metal complex layer is, the larger is the current
through the device. In both devices, the current is
found to first ramp upward while its increasing rate
gradually slows down, and then it increases exponen-
tially with increasing voltage applied. A possible ex-
planation to this phenomenon is as follows: initial low
voltages cause the redistribution of PF6� ions and
establish a first monopolar injection of charge carriers.
After the voltage increases further, the current is in-
creased rapidly to trigger a second biopolar injection of
charge carriers and thus light emissions.36 Thereafter,
we also measure luminance�voltage characteristic of
these two TELFs (Figure 3c). Interestingly, lumines-
cence threshold voltage or turn-on voltage Vth of the
device is located at the voltage that leads to the afore-
mentioned second carrier injection. Vth is 4.2 and 5.4 V
for TELF-1 and TELF-2, respectively. Again, emission
intensity of TELF-1 is increased faster than that of
TELF-2 due to having a thicker iTMC layer. After the
devices are lit, their emission intensity follows a
trend of exponential increasing with the voltage
applied. Theoretical analysis for the current�voltage

Figure 3. (a) Luminescence responses of TELF-1 to different voltages applied to the device in N2. The top panels display
emissions captured by a CCD camera. The bottom panels show the corresponding emission intensity profiles of the pictures
shown in the toppanels. The data in the bottompanels represents themeangrayscale emission intensity of the light-emitting
region. (b) Experimental and theoretical results for current�voltage characteristics of TELF-1 and TELF-2. (c) Experimental
results for current�luminance characteristics of TELF-1 and TELF-2.
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characteristics of the TELF-1 and TELF-2 devices is
also conducted (see Supporting Information and
Figure 3b).37 The theoretical results are shown to have
a similar tendency to the experimental results. The
discrepancy between the simulation and experimental
results could be explained by intrinsic limitations of the
model used and/ormisspecifications of the parameters.
Device stability is evaluated by continuously operat-

ing TELF-1 in air and N2, respectively, for a 10 h period
each under different voltage conditions (Figure 4).
Interestingly, the device presents a lower initial emis-
sion intensity and a faster degrading rate when oper-
ating in air than it does when operating in N2. Since
there exists a 3mm-long ITO-uncovered region at each
end of the TELF (Supporting Information), partial ex-
posure of the electroluminescent layer to oxygen in air
might lead to a significant loss of radiant flux with
time.36 Thus by properly encapsulate the TELF, device
stability can be enhanced. Additionally, emission in-
tensity of the device decreases faster at higher voltages
than it does at lower ones: 1.1, 2.8, 4.2, and 7.6%
degradation in light intensity is found at the applied
voltage of 4.2, 5.6, 6.4, and 6.8 V, respectively, in N2,
over the 10 h period. This low level degradation could
be attributed to self-heating effect of the device. The
higher the operation voltage and current, the higher
the power dissipation in the device, and thus the more
severe the self-heating effect. However, when the device
operates in air, the level of degradation is increased to1.7,
4.6, 9.2, and 17.2% at the same voltages, respectively,
over the same 10-h period. This higher level of degrada-
tion is possible owing to both the aforementioned self-
heating effect and the oxygen exposure issue. Finally, the
external quantum efficiency (EQE) of the [Ru(bpy)3]

2þ

(PF6)
�)2/PEOnanofibermaterial is calculated on the basis

of the amount of light a photodetector captures from the
front face of a device. We assume that the emission is
Lambertian. The total flux leaving a device Fext at a
distance L from the detector is given by38

Fext ¼
Z π=2

0
2πL cos(θ) sin(θ) dθ ¼ πL (1)

Since the light collectedby thephotodiode F iswithin the
emissionanglesθ=0 toπ, we integrateover these angles
and obtain F/Fext = 0.27. Then we divide the measured
power output by this factor and use the corrected power
P in the following equation

ηext ¼ P=hv

I=e
(2)

where h is Planck's constant, v is the center frequency of
the emitted radiation, I is the current, and e is the
elementary charge. The calculated EQE is approximately
0.277% with a corresponding luminance of 23 cd/m2.
This EQE value is comparable to those reported by

other researchers using a blend of Ru complexes and
PEO.15,36,38

Much work can be done to elaborate the present
TELF technology in the future. For example, to improve
the yield of liquidmetal core�polymer shell fibers with
more uniform diameters and less break-ups, systema-
tic experimental studies are needed to elucidate how
each electrospinning process parameter and precursor
solution properties (e.g., viscosity, surface tension,
solvent-solution miscibility, solution concentration,
and solvent vapor pressure) affect morphologies and
properties of each layer (e.g., uniformity, break-up).16 In
another example, the innermost and outermost layers
of the TELFs serve as the cathode and anode, respec-
tively. Given an iTMC-based light emitting material in
themiddle layer, the use of thicker electrode layers can
give rise to increased electrical conductance of the two
electrode layers, shifting the luminescence threshold
voltage of the device to lower values. There is a need to
investigate the widest possible range of the liquid core
(cathode) diameter using coelectrospinning. Also, the
present method of accessing the liquid core relies on
using an AFM tip, which is fairly inconvenient, but one
could make it possible to connect the liquid inside the
core to an external liquid reservoir by nanofluidics,39,40

which may allow addressing the liquid core from out-
side. Alternatively, highly conductive composite poly-
mers could be electrospun into the fiber to replace the
present ITO coating and liquid metal core.41,42 In addi-
tion, the present TELFs are aligned, but are not precisely
placed at a specific location demanded. Using some
clever existing methods such as near-field electro-
spinning,43 we could solve this issue. Finally, although
interfacial interactions between many liquid metal
cathodes and electroluminescent polymers on a planar
surface have been well studied by other researchers,35

it should be also interesting to investigate their inter-
actions on a cylindrical surface at the submicrometer
and even smaller scale.

Figure 4. Mean grayscale emission intensity of TELF-1 as a
functionof timeover a 10hperiod at four different voltages.
The device operates in both air and N2. Error bars are
standard deviations of the mean grayscale intensity ob-
tained from 14 samples.
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CONCLUSIONS

We have built one-dimensional electroluminescent
device into a single self-supporting fiber at the sub-
micrometer scale via coelectrospinning. The cathode
of Galistan liquid metal and the electroluminance layer
of [Ru(bpy)3]

2þ(PF6
�)2/PEO are uniquely electrospun in

a single core�shell fiber. The TELFs are not grown from
a substrate, but are fabricated in air and then fall onto a
collector. Thus a wide variety of materials can be used
for collector TELFs to meet various application needs.
Electroluminance from the TELFs can be detected by a
CCD camera at a turn-on voltage of 4.2 V and seen by
naked eyes at 5.6 V in N2. Our TELF scheme could shed
a light onto development of one-dimensional, micro/
nanosized light source for more lightweight, conform-
able optoelectronic textile. Besides, this technology
could be beneficial to many other research and devel-
opment areas dealing with bioimaging, chemical, and
biological sensing, high-resolution microscopy, and
flexible panel displays, particularly as iTMCs with emis-
sion at different wavelengths are available.36,44

EXPERIMENTAL SECTION

Preparation of precursor solutions for TELFs: To
prepare Ru�metal complex solution, [Ru(bpy)3]

2þ

(PF6)
�)2 is dissolved in dry acetonitrile at a concentra-

tion of 58 mM and magnetically stirred at room temp-
erature for 1 h. A 450 nm polycarbonate membrane
filter is used to remove unwanted matter. PEO (Mw =
300 000 g/mol) is added to the filtered solution at
1.25 wt %. The mixed solution is magnetically stirred
for 30min tomake a homogeneous solution. All Chem-
icalswere purchased fromAldrich andused as received.
Co-electrospinning setup: A needle-in-needle con-

figuration is used to form a spinneret for coelectros-
pinning. A 21 guage needle is inserted into a 23 guage
needle coaxially to a coannular needle assembly.
The two needles are trimmed at their exit orifices. The
entrance orifice of each needle is sealed by epoxy glue
(Super Glue, CA). Then, a microbore tubing is inserted
into each needle through a hole punched in the plastic
lock portion of needle. The same type of epoxy glue is
used to hold the tubing in place. To deliver two source
solutions to the spinneret, the solutions are first loaded
into 1 mL syringes (BD Biosciences, MD) and then are
pumped to the spinneret through the microbore tub-
ings by syringpe pumps (Kd Scientific, KDS 2000). High
voltage is supplied by a high voltage source (Gamma
High Voltage Research, FL). The collector used here is
made of twoparallel steel rods (3.175mmdiameter and
10mm long, SmallParts, FL) spaced by a 20mm air gap.
Electroluminescence measurement setup: TELFs are

placed on the stage of an inverted microscope (IX-81,
Olympus, PA) in a dark room. Themicroscope is located
in a glovebox in a dark room. N2 is flowed to the glove-
box from a gas cylinder when needed. A customized

electronic probe station with a gold-coated AFM tip
(Nanosensors, Switzerland) is attached to the micro-
scope. The AFM tip has a radius of curvature less than
10 nm. The tip is mounted onto a positioning manip-
ulator (MP-225, Sutter Instrument, CA) and connected
to a semiconductor characterization analyzer (4200-SCS,
Keithley Instruments, OH). Tomake an electrical contact
to the Galistan liquid in the core of the device, the tip is
pressed to poke through the polymer shell. Light
emitted from the devices is collected through a 50�/
0.5NA objective and a 590�650 nm band-pass filter
(D620/60 m, Chroma, VT) and acquired using a QICAM
color camera (QIC-F-CLR-12-C, QImaging, BC, Canada).
Luminescence spectra of TELFs are obtained by a mini-
ature spectrometer (HR4000, Ocean Optics, FL). NIH
ImageJ software is used to extract grayscale data from
light-emitting regions.
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