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Highly Efficient Single-Layer Polymer
Electrophosphorescent Devices**

By Xiaohui Yang, Dieter Neher,* Dirk Hertel, and
Thomas K. Diiubler

Intense research is currently directed towards polymer
light-emitting diodes (PLEDs) because of their potential for
application in flat-panel displays."? Based on their com-
patibility with solution processing, the exploration of their
suitability for organic electronic devices has primarily been
motivated by the need for low-cost production over large
areas by utilizing spin-coating, ink-jet printing, or screen-
printing technologies. According to simple statistics, the pro-
cess of charge injection and recombination in PLEDs gener-
ates singlet excitons with a quantum efficiency of only 25 %,
setting an upper limit to the efficiency of PLEDs based on
fluorescent polymers. Even though the singlet-triplet ratio in
PLED:s is still a topic of debate,[3'6] it is expected that the ra-
diative decay of both singlet and triplet states would substan-
tially increase the efficiency of PLEDs. Phosphorescent dyes
have been used to overcome the efficiency limit imposed by
the unavoidable formation of triplet excitons, and highly effi-
cient phosphorescent light-emitting diodes based on low
molecular weight materials have been demonstrated.””’]
These high-efficiency devices typically consist of several
layers including a hole-transporting layer, an emission layer
doped with the phosphorescent dye, an exciton-/hole-blocking
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layer and an electron-injecting layer. In fact, a multilayer
LED utilizing fac-tris(2-phenylpyridine)iridium (Ir(ppy)s) as
the emitting species exhibited a very high external quantum
efficiency (EQE) of 19.2 % and a power conversion efficiency
(PCE) of 72 Im W at 65 cd m 2"}

Polymer phosphorescent light-emitting diodes (PPLEDs)
usually utilize a phosphorescent dye doped into a charge-
transporting polymer matrix.'>'”! One of the criteria for the
selection of the polymer matrix is that the energy of the
lowest lying triplet state (T;) of the host is larger or at least
comparable to that of the phosphorescent guest. In case of
Ir(ppy)s with a triplet energy of about 2.4 eV, mostly non-con-
jugated polymers, such as poly(N-vinyl-carbazole) (PVK),
have been used.'''® In order to optimize the balance of
charge-carrier injection and transport and to confine the emis-
sive triplet excitons within the emission layer, the structure of
PPLEDs generally resembles that of low molecular weight
material multilayer devices.'""™! Yang and Tsutsui were the
first to publish an efficient multilayer PPLED with a
PVK:Ir(ppy)s emission layer and an evaporated low molecu-
lar weight electron-transporting layer.[H] These devices exhib-
ited an external quantum efficiency of up to 7.5 %. A lumi-
nance of 100 cdm™ was reached at about 14 V and the power
conversion efficiency was 5.8 Im W™ under these conditions.
Lamansky et al.'¥ achieved EQEs of 3.4 % in single-layer
structures by adding the low molecular weight electron-trans-
porting molecule  2-(4-biphenylyl)-5-(4-tert-butylphenyl)-
1,3,4-oxadiazole (PBD) to the PVK host to facilitate electron
transport. Vaeth and Tang[ls] reported an EQE of 8.5 % and a
PCE of 9.9 ImW™ at a current density of 0.5 mAcm™ in a
three-layer device comprising a PVK:PBD:Ir(ppy); emission
layer, exciton- and hole-blocking layers, and an electron
injection layer. However, combining low molecular weight
materials and polymers in heterostructures compromises the
unique merit of PLEDs, i.e., processing only from solutions.
Gong et al.ll were the first to publish a high-efficiency sin-
gle-layer PPLED, utilizing a chemically modified Ir-dye,
tris[9,9-dihexyl-2-(pyridinyl-2")fluoreneliridium  (Ir(DPF)3),
doped into a PVK(60 wt.-% ):PBD(40 wt.-%) matrix. Under
optimized conditions, these single-layer devices exhibited an
EQE of 10% and a PCE of 3 ImW™". The rather low PCE
was mainly due to the large operation voltage, which has been
attributed to severe charge trapping on the emitter. In fact,
for the optimum Ir(DPF); concentration of 1 wt.-%, a voltage
of more than 20 V was needed to drive the device at a bright-
ness of 1000 cd m™. Even though the formation of the guest
triplet excited state via carrier trapping and subsequent direct
carrier recombination on the guest molecule is an elegant way
to achieve good color purity and high efficiency,'**71% it is of-
ten accompanied by a high operating voltage due to the build-
up of a space—charge field.

In this communication, we report highly efficient single-
layer PPLEDs based on a commercially available methyl-sub-
stituted iridium complex, Ir(mppy); (see inset of Fig. 4a)
doped into a PVK:PBD matrix. Devices with alkyl-substituted
2-phenylpyridine (such as in Ir(bu-ppy); bearing butyl substit-
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uents) were shown to possess a significantly larger efficiency
compared to similar devices utilizing Ir(ppy);. This improve-
ment was attributed to a better compatibility of the alkyl-sub-
stituted Ir-complex with the host, leading to a more homoge-
neous distribution of the emitting molecules.!'”) We show that
proper annealing before the deposition of the cathode and se-
lection of an efficient electron-injecting cathode lead to highly
efficient devices and low driving voltages. Further, the effect
of the layer composition and especially of the concentration
of the electron-transporting PBD in the blend is examined.
We conclude that the build-up of space—charge due to trap-
ping of holes on the Ir-complex is largely inhibited by supply-
ing a sufficiently large number of electrons via efficient injec-
tion and transport.

Comparing the highest occupied molecular orbital
(HOMO) energy of the chemically related Ir(ppy); and PVK
at -5.4 eVI"¥ and -5.8 eV, respectively, it is evident that the
guest will constitute a hole trap with a depth of ca. 0.4 eV. In
contrast, the lowest unoccupied molecular orbital (LUMO) of
Ir(ppy)s at —2.4 eV is only slightly lower than that of PVK
(<22 eV)3l and comparable to that of PBD (2.4 eV)!!%!
(please note that a PBD LUMO position of -2.4 V is com-
monly used in the literature, but a slightly larger electron
affinity of 2.6 eV has also been published).“%] Evidence for
carrier trapping in our Ir(mppp); based devices with an as-
prepared emitting layer and a Ca cathode comes from the
comparison of current-voltage (I-V) characteristics for differ-
ent Ir(mppy); concentrations. As shown in Figure 1, the cur-
rent-voltage characteristics shift to higher voltages with in-
creasing concentration of Ir(mppy);, consistent with earlier
reports that iridium complexes constitute hole traps in a PVK
host.'*1%! The largest increase in voltage is observed when
going from 1 wt.-% to 2 wt.-%, while further increasing the
Ir(mppy); concentration to 8 wt.-% causes a much smaller
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Figure 1. Current-voltage characteristics of devices with different
Ir(mppy)s concentrations (not annealed, Ca cathode). Also shown is the
|-V curve of a device with an annealed emission layer and a T nm thick
LiF interfacial layer. The layer thickness was 100 nm in each case.
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shift of the I-V curves. This observation is similar to what has
been reported by Noh et al. for a PVK:Ir(ppy); blend (in this
case, the current at a Ir(ppy); concentration of 8 wt.-% was
even larger than at 1 wt.-%).2") Most likely, the direct
hopping of holes between Ir dyes becomes possible at higher
concentrations, without the need for detrapping to the PVK
host. Similar conclusions have been drawn earlier from time-
of-flight studies on PVK doped with the hole-transporting
molecule  N,N’-diphenyl-N,N’-(bis(3-methylphenyl)-[1,1-bi-
phenyl]-4,4’-diamine (TPD).”!! In addition, hole injection
from the poly(3,4-ethylenedioxy thiophene):poly(styrene sul-
fonate) (PEDOT:PSS) anode might be facilitated at higher
dye concentrations via direct charge transfer to the HOMO of
Ir(mppy)s.

The driving voltage could be reduced by annealing the sam-
ple at 80 °C before the deposition of the cathode (data shown
in Table 1). This suggests that the build-up of a space—charge
field is less severe in the annealed devices. Concurrently, the
efficiency of the devices was significantly improved. The lumi-

Table 1. Performance of phosphorescent polymer light-emitting diodes
with either an as-prepared or an annealed (30 min at 80 °C) emission layer
and with different cathode configurations.

Device Current density ~ Voltage Brightness  Efficiency
[mA cm™ v [edm™ [cd AT
Without annealing, 2.8 9.9 504 17.7
Ca cathode [a] 11.4 12 1805 15.8
With annealing, 2.8 8.9 602 21.1
Ca cathode [a] 11.4 10.6 2210 19.4
With annealing, LiF/Ca 2.8 7.9 655 23.0
cathode [a] 11.4 9.7 2230 19.6
Without annealing, 15 10.1 171 1.1
LiF/Ca cathode [b]
With annealing, LiF/Ca 15 9.2 238 1.6
cathode [b]

[a] PEDOT (30 nm) / PVK(70):PBD(29):Ir(mppy)s(1) (70 nm). [b] PEDOT
(30 nm) / PVK(69):PBD(28):btp,lIr(acac)(3) (70 nm).

nance efficiency of the devices that have undergone annealing
was about 20 % higher than that of devices without thermal
treatment, and at the same time the driving voltage for a cer-
tain current density decreased by about 12 %. In total, anneal-
ing led to a ca. 37 % improvement of the PCE, resulting in ca.
7.5 Im W™ at a brightness of 600 cdm™. Since annealing the
samples at 60 °C for 0.5 h did essentially not change the per-
formances of the devices, we presume that the improvement
of the device performances upon annealing is most likely not
related to uncompleted removal of residual solvent in the as-
prepared layers. At the moment we can only speculate about
the reason for this improvement. Nguyen et al.?? observed a
ca. 50 % higher EQE for devices based on annealed poly(2-
methoxy-5-(2’-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-
PPV) layers. It was suggested that electron injection was im-
proved by better interfacial contact due to the smooth surface
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of the annealed MEH-PPV film. A significant improvement
in device efficiency has also been observed when annealing a
multicomponent polymer emission layer prior to the deposi-
tion of the cathode. In this case, atomic force microscope
(AFM) studies revealed significant morphological changes,
including the formation of phase-separated structures.” De-
tailed AFM studies need to be performed in future work to
identify the main mechanism leading to the improvement in
device performance reported here.

The operating voltage could be further decreased by 9-12 %
by adding a LiF layer between the polymer and the Ca cathode.
A ca. 10 % enhancement of the luminance efficiency was ob-
served in the low current density regime. It is well established
that introducing a thin metal fluoride layer between an organic
layer and low work function metals, such as Ca or Yb, improves
the performance of organic light-emitting devices.***! Electro-
absorption experiments demonstrated that adding a thin LiF
layer between a polymeric emitting layer and Ca decreases the
barrier height for electron injection by ca. 0.28 eV.?* In our de-
vice, there is a significant energy barrier for electron injection
due to the difference between the electron affinity
of PBD (ca. 2.4 ¢V) and the work function of Ca
(2.9 eV). It can thus be concluded that introducing ¥ 100000)
a thin LiF layer improves electron injection into the 31
PVK:PBD host of our devices. In combination with

annealing, adding a LiF interfacial layer reduces the g 27
driving voltage by several volts, as shown by the I-V > 28
characteristics in Figure 1 and the data listed in 2 19
Table 1. As a result, these devices exhibit large PCE w
efficiencies of 9 ImW™ at ca. 650 cdm™ and 15
6.3 Im W at 2230 cdm™. Note that the annealing 11
treatment was found to be even more beneficial 50

for the performances of devices with the red phos-
phorescent dye, iridium bis(2-(2’-benzo[4,5-a]thie-
nyl)pyridinato-N,C*) (btp,Ir(acac)).”® In this case,
we even observed a 40 % and 54 % improvement of
the luminance efficiency and PCE, respectively.

The devices reported so far were based on a
blend of the hole-transporting PVK matrix and the
electron-transporting PBD at a weight ratio of ca.
70:30. To further understand how charge transport
and charge-carrier trapping affect the device prop-
erties, we studied devices with different concentra-
tions of the electron-transporting moiety PBD and
of the hole-trapping Ir(mppy); complex. As a third
crucial parameter, the layer thickness was varied
over a wide range. In order to minimize the num-
ber of devices in this optimization step, a statistical
approach was utilized.*”?®! Details about this ap-
proach will be published elsewhere. In short, 13
different devices with PBD concentrations cpgp
ranging between ca. 10 and 35 wt.-%, Ir(mppy)s
concentrations cy, between ca. 0.3 and 7 wt.-% and
PVK layer thicknesses dpyk between 50 and
110 nm were examined. In all cases, the emissive
layers were annealed and an interfacial LiF layer

Efficiency [Cd/A]
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was added before deposition of the Ca/Al cathode. Current—
brightness—voltage characteristics of the different devices
were recorded and, in the analysis of the data, various device
properties, such as the luminance efficiency and the driving
voltage, were compared at certain current densities. Then,
each of these device properties (denoted here as
P(cpep.Cirndpvi)) Was separately fitted to a second-order
polynomial function of the variables cppp, 1, and dpyk:

2 2
P(cpppiCimdpvi) = Aicpep + Azcppp” + Bicr + Bocye +
2
Cidpvk + Codpyk” + Depgpcr + Ecpppdpyk + Ferdpyk 1)

This results in nine fitting coefficients A—-F for each device
property. However, for the devices studied here, only few of
these coefficients had values with statistical significance. Most
importantly, both the efficiency and the driving field de-
pended clearly on the concentration of PBD, while they were
only weakly affected by the concentration of the Ir dye. As
an example, Figure 2a shows the resulting multiparameter fit-
ting function to the electric field at a constant current density

(a) Field [1e6 V/cm]
10-1.25
125-1.5
15-1.75
1.75-2.0

I 20-225

B 225-25

M 25-275

275-3.0

90 o5 30 35
1100 5 10 15 20
PBD Concentration [%]

Efficiency [Cd/A]
0.0-3.0
30-6.0
6.0-9.0
9.0-12.0

I 12.0-15.0
I 15.0-180
I 180-21.0

PBD Concentration [%)]

Figure 2. Results of the statistical analysis of the dependence of the electric field (a)
and the luminance efficiency (b) on the PBD concentration, the PVK layer thickness,
and the Ir(mppy); concentration. Symbols show the experimental data measured at a
constant current density of 5 mAcm™ for devices with Ir(mppy); concentrations of
0.3-0.5 wt.-% (open circles), 2.5-4 wt.-% (solid squares), and 5-7 wt.-% (open
squares). The response surface and contour plots present the corresponding multi-
parameter functions according to Equation 1, obtained from the best fit to the experi-
mental data, plotted for a fixed Ir(mppy)s concentration ¢;, of 3.5 wt.-%.
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of 5 mAcm™>, plotted as a function of cpgp and dpyx for a
fixed value of ¢1, =3.5 wt.-% (similar plots were obtained with
different values of c, in the investigated range from 0.3 to
7 wt.-%). Also shown are the measured data points (symbols).
Even though these data were measured for devices with very
different Ir(mppy)s concentration, most data points lie close
to the response surface plot of the multi-parameter fitting
function, calculated for a constant Ir(mppys) concentration.
This illustrates that varying the Ir(mppy); concentration does
not significantly influence the driving field. Furthermore, at
high PBD concentrations, there is no dependence of the driv-
ing field on the layer thickness. Apparently, the device current
is mainly injection-limited under these conditions. We, there-
fore, presume that the space—charge formed by hole trapping
on the Ir(mppy); can be effectively neutralized by efficient in-
jection and transport of electrons in our devices.

The corresponding response-surface plot of the fit to the
luminance efficiency is shown in Figure 2b. Again, the con-
centration of the electron-transporting moiety in the layer ap-
parently is a major parameter controlling the device perfor-
mance. Also, the rather small scatter of the data around the
fitting function (calculated for a constant value of cy;) sug-
gests, that the Ir(mppy); concentration has only a weak influ-
ence on the device efficiency. However, there are few data
points situated well above the fit. All these points belong to
devices with an Ir(mppy)s concentration smaller than
0.5 wt.-%. Obviously, a small Ir(mppy); concentration is ben-
eficial to obtain high efficiencies, similar to what has been re-
ported by Gong et al. in their recent papers.[16’29] At the mo-
ment, we can only speculate about the reason for this effect.
Interestingly, the photoluminescence (PL) spectra measured
for different Ir(mppy); concentrations with direct excitation
of the Ir complex at 400 nm (Fig. 3a) exhibit a well-resolved
shift of the PL maximum with increasing concentration.
Further, the same spectra normalized to the absolute Ir(mp-
py)s concentration (Fig. 3b) show a lower intensity for higher
concentrations. These observations are indicative of intermo-
lecular interaction between the Ir complexes, opening new
channels for non-radiative triplet decay.
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Figure 3. a) Photoluminescence spectra of blend layers with different
concentrations of Ir(mppy); doped into a PVK(70):PBD(30) matrix, mea-
sured upon direct excitation of the Ir-complex at 400 nm. Shown are
spectra for an absolute concentration of Ir(mppy); of 1 wt.-% (solid line),
4 wt.-% (dashed line), and 8 wt.-% (dotted line). b) Emission spectra
normalized to the absolute concentration of Ir(mppy)s.
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We would like to point out that the comparison of the PL
spectra of the blends, excited at the absorption peak of PVK,
and the electroluminescence (EL) spectra (not shown here)
provides strong evidence that the main pathway for exciting
the triplet state of the Ir complex in EL is carrier trapping and
recombination on the guest. In fact, while a concentration of
ca. 7-8 wt.-% of Ir(mppy)s was necessary to completely
quench the PVK emission in PL, the EL spectra did not ex-
hibit any emission from the host even at concentrations as low
as 0.5 wt.-%. On the other hand, the data in Figure 2b com-
bined with the normalized PL spectra in Figure 3b suggest
that the total number of guest triplet excitons formed in the
emission layer per time and unit area at a given current den-
sity is rather independent of the concentration of the hole-
trapping Ir complex. This indicates that the capture of charges
by the individual guest molecules is not the main step limiting
the kinetics of triplet formation on the phosphorescent Ir
complexes.

We were able to improve the device efficiency further by
increasing the PEDOT:PSS layer thickness from 30 nm to
70 nm. The reason for this effect is not known yet. A further
reduction in driving voltage was achieved by replacing the
LiF/Ca cathode with a CsF/Al cathode, which was shown ear-
lier to improve electron injection.®**!! Figure 4a shows the
current-brightness—voltage characteristics of such a device
with a PBD concentration of 30 wt.-% and an Ir(mppy); con-
centration of 1 wt.-%. Figure 4b displays the dependence of
the luminance efficiency and the PCE on the current density
of the devices. The turn-on voltage (0.1 cd m™) of the device
was 3.5 V. The maximum luminance efficiency was 27 cd A™!
at a current density of 2.3 mAcm™ and a brightness of
612 cdm2, corresponding to an EQE of 7.6 %. The luminance
efficiency of our devices is comparable to the best data
achieved in the devices utilizing an Ir complex blended into a
polymer matrix.''""7] Note that an even higher luminance effi-
ciency (36 cd A™) and a higher external quantum efficiency
(10 %) (measured with an integrating sphere) were reported
using Ir(DPF); in a similar single-layer device structure.!'!
But in this case, the operating voltage was remarkably higher,
leading to a rather low PCE of ca. 3 ImW™. In our devices,
the peak PCE was 14.1 InW™ at a driving voltage of 5.5V,
a current density of 0.7 mAcm™, and a brightness of
170 cdm™. This is well above most values reported for single-
and multilayer PPLEDs. Even though the luminance efficien-
cy and power efficiency of our devices decreased gradually
with increasing current density, the luminance efficiency was
still 23.4 cd A™ at a current density of 20 mA cm™, an operat-
ing voltage of 8.9 V and a brightness of 4680 cdm™, corre-
sponding to an EQE of 6.6 % and a PCE of 8.3 Im W', This is
well above the so-called upper limit of EQE (5 %) of most de-
vices utilizing fluorescent polymers reported so far, demon-
strating the benefit of triplet harvesting. We finally would like
to note that a single layer device with comparable efficiencies
(PCE of 12.8 Im W at a luminance of 500 cd m’z), based on a
spin-coated layer of a first generation Ir(ppy)s-cored dendri-
mer, was reported recently.””’ However, the preparation of
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Figure 4. a) Current-brightness—voltage characteristics of a device with a
70 nm thick PEDOT:PSS layer and a CsF(1 nm)/Al cathode. Also shown
are the corresponding curves for the luminance efficiency and the PCE as
a function of the current density (b). The absolute Ir(mppy); concentra-
tion in the PVK(70):PBD(30) host was 0.7 wt.-%.

dendrimers requires more elaborated chemistry, and therefore
this approach might turn out to be less applicable to large-
scale production.

In conclusion, highly efficient single-layer PPLEDs based
on a commercially available Ir complex have been realized
by appropriate thermal treatment of the polymer layer, uti-
lization of efficient bilayer cathodes, and proper adjustment
of the layer composition. In fact, these devices exhibited es-
sentially no dependence of the driving field on the concen-
tration of the Ir complex, suggesting that the build-up of
space—charge in the layer is insignificant. We presume that
holes trapped on the emitter are effectively neutralized via
efficient injection, transport, and recombination of electrons
in these optimized devices. As a consequence, our devices
exhibit low driving voltages and a power conversion effi-
ciency of up to 14.1 Im W', This is comparable to the high-
est values reported for polymer-based phosphorescent de-
vices so far.
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Experimental

Ir(mppy); was obtained from American Dye Sources and used as
received. Poly(3,4-ethylenedioxy thiophene) doped with poly(styrene
sulfonate) (PEDOT:PSS) (Baytron P purchased from H.C. Starck)
was spin-coated onto pre-cleaned and O,-plasma treated indium tin
oxide (ITO) substrates, yielding layers with a thickness of ca. 30 nm.
The PEDOT:PSS layers were baked at 100 °C for 0.5 h to remove re-
sidual water. A blend of PVK, PBD, and Ir(mppy); in chlorobenzene
solution was spin-coated on top of the PEDOT:PSS film. In some
cases, the sample was then annealed at 80 °C for 30 min. The devices
were completed by thermal deposition of cathode metals. In some de-
vices, an ultrathin LiF or CsF interfacial layer with a nominal thick-
ness of 1 nm was incorporated between the polymer layer and the
cathode metals (Ca or Al). Current—voltage characteristics were mea-
sured with a Keithley 2400 source measure unit. The brightness of the
devices was recorded with a Minolta CS-100A camera. EL spectra of
the devices were measured using a charge-coupled device (CCD) fi-
ber spectrometer (Ocean Optics). With the exception of the depo-
sition of the PEDOT:PSS layer, all processes were carried out in dry
nitrogen atmosphere.
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Use of Coaxial Gas Jackets to Stabilize
Taylor Cones of Volatile Solutions and
to Induce Particle-to-Fiber
Transitions**

By Gustavo Larsen,* Rubén Spretz, and
Raffet Velarde-Ortiz

Over the last few years there has been increasing interest in
the use of electrohydrodynamics (EHD) to manufacture mi-
cro- and nanometer-scale architectures such as fibers, vesicles,
and hollow structures. A vast array of inorganic,'! hybrid (or-
ganic/inorganic) materials,'? and organic polymers®! has
been produced using EHD. Potential applications encompass
a wide spectrum of fields, and include membrane technolo-
gies,[4] reinforced materials,[S] textiles,[6] optical sensors,m drug
delivery systems,®l and tissue engineering.”’

In the usual EHD set-up a relatively small flow of liquid (in
the nanoliters to microliters per minute range) is pumped
through a capillary tube, initially forming a droplet-like me-
niscus attached to the capillary’s tip. A high voltage is applied
between the tip and a grounded metallic surface or “collec-
tor” electrode. As the applied voltage increases, the droplet
takes a conical shape called a Taylor cone and from its apex a
very fine jet of liquid is accelerated and expelled towards the
collector.
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The ultimate form of the collected material can be tailored
by tuning the concentration of the different components, con-
ductivity, surface tension, and chemical nature of the solution.
In the case of fiber synthesis, the appearance of beaded fibers
or bead-free fibers can be controlled by manipulating the vis-
cosity, conductivity, and surface tension of the system.[3'10’11]
With regard to beaded nanofiber production, a strategy that
has proven useful is to use corona discharges to partially—
and locally —neutralize the electrified liquid jet.!

In systems where the solvent used has a low boiling point,
the droplet at the tip dries out very quickly during, or before,
the formation of the Taylor cone, thereby blocking the tip and
making the collection process discontinuous or even impossi-
ble to carry out.""3 Several alternatives have been proposed
to overcome this problem. One is the use of a compatible co-
solvent to increase the boiling point of the solution. In this
case some experimentation is needed to determine the suit-
able co-solvent to be used as well as its concentration. A less
intrusive alternative is to run the process at lower tempera-
tures or at least confine the capillary tip and the collector in a
solvent saturated atmosphere.

In this work we present a versatile method that makes the
process continuous and stable, thereby avoiding the need for
periodic clean-up of the EHD tip. An added “bonus” of the
proposed technique is that it also offers the possibility to con-
trol morphology transitions from fibers to beaded fibers or
particles without changing the operating voltage or electric
current. This is achieved by using a nozzle consisting of two
coaxial capillary tubes. The inner tube delivers the working
solution, while the outer one delivers a controlled flow of an
inert gas saturated with the corresponding solvent of the solu-
tion to be subjected to EHD. If a “jacket” gas with high ion-
ization potential is used, an additional advantage of this set-
up becomes apparent: the suppression of corona discharges
that might otherwise occur when processing aqueous systems
with very high surface tension in an air atmosphere. In such
cases, very high voltages are typically needed to form Taylor
cones." This basic set-up could then be extended to multiple
capillaries for the production of coatings and hollow struc-
tures.

We have successfully used this approach in our lab for sev-
eral inorganic precursors (Al,Os, SiC,'! Si0,), organic poly-
mers (polystyrene), and biopolymers (starch acetate).'> For
brevity two model systems are discussed here: poly(L-lactide)
(PLA) and ZrO,.

Figure 1 shows the influence of the operating variables on
the ability of PLA solutions to stabilize Taylor cone struc-
tures. When a 10 wt.-% PLA solution in dichloromethane
(DCM) is electrospun at a 0.8 kV ecm™ with a jacketing flow
of DCM-saturated N,, a stable Taylor cone develops. This
stable electrified meniscus structure is maintained until the
whole 10 mL volume of the syringe attached to the digital
pump is discharged (Fig. 1b). Varying the flow rate of solvent-
saturated N, in the range of 8-80 cm® min~ was found to have
no effect on the Taylor cone structure. As expected, changes
in the applied voltage affect the conditions at which the solu-
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