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ABSTRACT
A near-field electrospinning (NFES) process has been developed to deposit solid nanofibers in a direct, continuous, and controllable manner.
A tungsten electrode with tip diameter of 25 µm is used to construct nanofibers of 50−500 nm line width on silicon-based collectors while the
liquid polymer solution is supplied in a manner analogous to that of a dip pen. The minimum applied bias voltage is 600 V, and minimum
electrode-to-collector distance is 500 µm to achieve position controllable deposition. Charged nanofibers can be orderly collected, making
NFES a potential tool in direct write nanofabrication for a variety of materials.

Electrically driven liquid jets and the stability of electrically
charged droplets have been studied for hundreds of years,1,2
while the practical apparatus of electrospinning, in which a
charged jet of polymer solution is deposited onto a collector
under the influence of an electrical field, dated back in 1934.3
The feasibility to construct long and continuous polymeric,4-6
ceramic,7 and composite8 nanofibers as well as nanotubes9
with diameters less than 100 nm has been demonstrated using
electrospinning. Typical applications include bioscaffolding,10
wound dressing,11 and filtrations12 to name a few. Researchers have further explored the possibilities of using electrospun
nanofibers in fabricating micro- and nanodevices such as field
effect transistors,13 gas14 and optical sensors,15 and deposition
of DNA on functional chips.16 In these and other applications,
the controllability of the electrospinning process is critical.
Unfortunately, current setup of electrospinning is unstable
in nature as it relies on the chaotic whipping of liquid jets
to generate nanofibers. Limited works toward the control of
electrospinning have emerged, including aligning nanofibers
by electrical field17 and using rotational mechanical mandrels.18,19 Furthermore, numerous investigations by means
of analytical and experimental methodologies have been
conducted to study the fundamental physics and chemistry
of electrospinning for further improvement and control, such
as the effects of polymer solution concentration, applied
voltage, and electrode-to-collector distance.4,20-22 Here we
report experiments of controllable electrospinning based on
a new type of “near-field” electrospinning (NFES). Figure
1A illustrates the schematic setup of NFES that merges
several disparate concepts. First, the electrode-to-collector
distance, h, is in the range of 500 µm to 3 mm to utilize the
stable liquid jets region for controllable deposition. Second,
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a solid tungsten spinneret of 25 µm tip diameter as illustrated
in Figure 1B is used in NFES to achieve nanofibers with
sub-100-nm resolution. Third, the applied electrostatic voltage is reduced due to the short electrode-to-collector distance
while the electrical field in the tip region maintains the
strength in the range of 107 V/m as those used in conventional electrospinning to activate the process. Fourth, discrete
droplets of polymer solution are supplied in a manner
analogous to that of a dip pen by immersing and pulling the
tungsten electrode in to and out of the polymer solution.
Figure 1C shows that a droplet of 50 µm in diameter is
extracted from the polymer solution under an optical
microscope for NFES. A Taylor cone is observed under an
optical microscope during the process of NFES as shown in
Figure 1D. As the process proceeds, the polymer solution
on the tungsten tip is consumed and its diameter shrinks,
leading to a smaller Taylor cone and thinner nanofibers as
observed in Figure 1E.
NFES is not the only direct-write, “serial” material
deposition method for nanofabrication. For example, DPN23
which uses an atomic force microscope tip to deliver
collections of molecules to a solid substrate via capillary transport can deposit materials of better than 30 nm
line width with fine position control. This is an advantage
over conventional electrospinning, unless one is trying to
make large area, continuous, and fast deposition. Inkjet
printing,24 on the other hand, can make large area and fast
deposition with discrete droplets of size in the micrometer
range. The controllability of deposition location is again an
advantage over conventional electrospinning unless one is
trying to have continuous and submicrometer line-width
resolution. In these regards, NFES complements DPN, inkjet,
and conventional electrospinning by providing the feasibility
of controllable electrospinning for sub-100-nm nanofabrication.

Figure 1. (A) Schematic representation of NFES. The polymer solution is attached to the tip of the tungsten electrode in a manner analogous
to that of a dip pen. (B) SEM photomicrograph showing the tip region of the tungsten electrode used in the experiment with a tip diameter
of 25 µm. Scale bar, 10 µm. (C) An optical photo showing a 50 µm diameter polymer solution droplet attached on the tip of the tungsten
electrode. Scale bar, 20 µm. (D) A polymer jet is ejected from the apex of a Taylor cone under applied electrical field and observed under
an optical microscope. Scale bar, 25 µm. (E) The size of the polymer droplet decreases as the polymer jet continues to electrospin. Scale
bar, 25 µm.

Figure 2. (A) Two groups of parallel lines constructed perpendicular to each other by NFES. Scale bar, 1 mm. (B) Enlarged SEM
photomicrograph showing a nanofiber with diameter of 300 nm. Scale bar, 500 nm. (C) NFES result when the collector has a moving speed
of 5 cm/s showing “local spiraling”. Scale bar, 100 µm. (D) Collector moving speed at 10 cm/s. Scale bar, 100 µm. (E) Collector moving
speed at 15 cm/s. Scale bar, 100 µm. (F) Collector moving speed is 20 cm/s, and straight lines can be constructed. The two nanofibers are
separated 25 µm away from each other under the control of the x-y stage. Scale bar, 100 µm.

Although there are various choices of nanofiber material
and collector systems, we focus on the deposition of poly(ethylene oxide) (PEO, Mv ) 300 000), a polymer that has
been studied extensively in electrospinning onto silicon-based
collectors for possible system integration with MEMS
(microelectromechanical systems) and microelectronics. All
experiments are conducted under room temperature and 1
atm pressure. During electrospinning, adequate electro-tocollector distance is required to allow solvent to evaporate
and nanofibers to become thinner via the whipping and
splitting processes.25 NFES takes the advantage of a stable
liquid jet region immediately outside the spinneret for
position controllable deposition by shortening the electrodeto-collector distance. At the same time, an electrode with a
fine tip is introduced to generate (1) intensified electrical
field to activate electrospinning, and (2) small-diameter liquid
jets in the stable region. In a typical NFES process of 5 s, a
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single nanofiber with a length of several centimeters can be
constructed. The droplet size, polymer solution concentration,
applied voltage, and the electrode-to-collector distance
collectively affect the morphology of the electrospun nanofibers. Overall, the near field electrospun solid nanofibers have
similar morphology as the conventional electrospinning
process while further studies are necessary to characterize
these various factors. The controllability of nanofibers is
demonstrated by moving the collector along a straight line
to generate line-shape nanofibers. Figure 2A shows an
example where parallel lines perpendicular to each other are
constructed using an x-y stage (Nano Workcell, Adept Japan
Inc.) to control the collector movement. In this experiment,
the electrode-to-collector distance is 1 mm, applied voltage
is 1000 V, and PEO solution is 5 wt %. The close view
scanning electron microscopy (SEM) photomicrograph in
Figure 2B shows that the typical diameter of the nanofiber
Nano Lett., Vol. 6, No. 4, 2006

Figure 3. (A) When the collector is stationary for 0.5 s while making a 90° turn, the local spiraling effect is observed as the result of
self-expelling as nanofibers are electrically charged. The spread is in the range of 50 µm in diameter. Scale bar, 10 µm. (B) When the
substrate is covered with an electrical isolation layer of silicon dioxide, the local spiraling is enhanced as the concentric/elliptical rings are
formed in an area of about 300 µm in diameter. Scale bar, 100 µm. (C) Close view of (B) showing the distance between the adjacent
nanofibers is about 1.5 µm. Scale bar, 1 µm. (D) A “U”-shaped symbol is plotted manually by NFES. Excessive nanofiber depositions are
observed at the two corners when the collector stopped shortly for the adjustment of the moving direction. Scale bar, 100 µm. (E) The
three-character “Cal” is manually drawn in a period of 3 s. Scale bar, 1 mm. (F) Experimental results on the minimum required voltages
vs electrode-to-collector distance to activate the NFES process under various polymer concentrations on either silicon or silicon oxide
collectors.

by NFES is 300 nm. More controllability is illustrated in
parts C, D, and E of Figure 3 when the collector is moving
along a straight line with speeds of 5, 10, and 15 cm/s,
respectively. In these cases, the nanofiber electrospinning
speed is faster than the collector moving speed. The result
is that “local spiraling” occurs as in Figure 3C and gradually
diminishes as the collector is moving faster in parts D and
E of Figure 3. When the collector speed reaches 20 cm/s as
shown in Figure 3F, straight-line-shape nanofibers can be
constructed. In this case, we control the x-y stage to deposit
two straight nanofibers 25 µm away from each other.
The location of the nanofiber formation under NFES is
investigagted by keeping the spinnert and collector stationary.
It is observed that in a period of less than 1 s without moving
the collector, the NFES deposition is concentrated within a
short radial distance of 50 µm as seen in Figure 3A. The
local spiraling is the result of the self-expelling of nanofibers
as they are electrically charged. This demonstrates the
feaibility of locational control of NFES on a conductive
collector while conventional electrospinning will result in
widespread and random deposition. Figure 3B shows a 2-s
NFES deposition result on a stationary, 2 µm thick insulating
oxide-coated silicon substrate collector. Although the collector does not move, concentric and elliptical patterns of
nanofibers are constructed as shown and cover an area with
base length of more than 300 µm. The close view SEM
photomicrograph in Figure 3C shows that the typical distance
between adjacent nanofibers is about 1.5 µm and is somehow
relatively uniform over the whole pattern with no external
control. Parts D and E of Figure 3 further illustrate the
controllability of NEFS under manual operations. Figure 3D
shows that a “U”-shaped nanofiber is generated under one
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single NFES process. A straight line is plotted to construct
the top line of the “U”-shaped structure. Afterward, the
collector stops to change to the downward direction and stops
again before moving leftward. It is shown that during each
stop of less than 0.5 s the continuous deposition of nanofibers
causes accumulation at the corners. We purposely slow the
collector moving speed to draw the middle and bottom
portion of the “U”-shaped symbol, and the “local spiraling”
occurs as charged nanofiber expel each other when excessive
nanofibers are to be deposited on the same location. Figure
3E shows an attempt to manually draw more complicated
characters such as “Cal” in one single NFES process. Each
character is about 1 × 2 mm2 in size and it takes about 1 s
to manually write one character. The writing speed is not
fast enough to have clean shape under the manual control.
We conclude that location and pattern control of NFES are
achievable to deposit nanofibers without spiraling effects
when the relative moving speed between the spinneret and
collector is comparable to the electrospinning speed that is
determined by various factors, including the viscosity,
conductivity and surface tension of the polymer solution,
applied electrical field, tip diameter of the spinneret, the size
of the droplet, and ambient parameters including temperature,
humidity, and air velocity. Further investigations are required
to characterize these effects quantitatively.
Figure 3F shows experiments on the minimum required
voltages versus electrode-to-collector distances to activate
NFES under various polymer concentrations and types of
collectors when the polymer droplets have a nominal size
of 50 µm in diameter. The minimum applied voltage
increases when either the electrode-to-collector distance or
the polymer solution concentration increases. We have
841

performed an electrostatic field simulation using FEMLab
with either a 500 µm thick silicon wafer or a 500 µm thick
silicon wafer coated with a 2 µm thick silicon dioxide.
Simulation results indicate that the electrical field around
the tungsten tip is around 5 × 107 and 7 × 107 V/m for the
3 and 5 wt % PEO concentration experiments, respectively,
independent of the electrode-to-collector distance. The
magnitudes of the electrical field for the collectors with and
without the oxide insulating layer are similar under the same
applied bias as the thin oxide layer does not affect the
electrical field strength significantly. Furthermore, it is
observed that nanofibers collected on silicon collector are
nominally bigger than those on the oxide-coated collector
under the same deposition condition since nanofibers travel
a longer distance on average (Figure 3B) and have more time
for the solvent to evaporate. Statistical results show that when
the electrode-to-collector distance is 500 µm with 3 wt %
PEO, the diameters of nanofiber on the silicon and oxidecoated silicon collector are in the range of 150-300 nm and
50-200 nm, respectively.
NFES is a simple yet powerful method for direct-write
deposition of nanofibers with unprecedented controllability
at resolutions comparable to those achieved with much more
expensive and sophisticated lithography tools. It should be
especially useful for the heterogeneous integration of nanoscale materials to devices prepared by conventional lithographic and manufacturing methods, such as microelectronics
and MEMS structures. Furthermore, NFES could play a key
role in building up larger-area, ordered nonwoven nanofibers
for various applications.
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