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ABSTRACT Nearly all research in micro- and nanofabrication focuses on the formation of solid structures of materials that perform
some mechanical, electrical, optical, or related function. Fabricating patterns of charges, by contrast, is a much less well explored
area that is of separate and growing interesting because the associated electric fields can be exploited to control the behavior of
nanoscale electronic and mechanical devices, guide the assembly of nanomaterials, or modulate the properties of biological systems.
This paper describes a versatile technique that uses fine, electrified liquid jets formed by electrohydrodynamics at micro- and nanoscale
nozzles to print complex patterns of both positive and negative charges, with resolution that can extend into the submicrometer and
nanometer regime. The reported results establish the basic aspects of this process and demonstrate the capabilities through printed
patterns with diverse geometries and charge configurations in a variety of liquid inks, including suspensions of nanoparticles and
nanowires. The use of printed charge to control the properties of silicon nanomembrane transistors provides an application example.

KEYWORDS Electrohydrodynamics, jet printing, charge printing, electrostatic doping, semiconductor nanomaterials

The most widespread use of charge patterning is in
xerography,1,2 where a corona creates uniform elec-
trostatic charge on the surface of a photoconductor;

patterned exposure of light then leads to local charge dis-
sipation in desired geometries. The resulting pattern of
charge guides the assembly of toner particles (with opposite
charge) that are subsequently sintered to form a permanent
image. Recently, more research-oriented techniques have
been developed to allow considerably higher resolution and
finer control over charge, by use of conducting tips in the
form of either atomic force microscope (AFM) probes,3–8 or
metal-coated elastomeric stamps,9–11 both in contact print-
ing schemes. The process involves injection of electrons into
materials such as poly(methyl methacrylate) and SiO2 that
can store this charge for extended periods (i.e., via formation
of electrets). In these existing techniques, specialized ma-
terials for the photoconductors and electrets9,12,13 are re-
quired, thereby limiting their broader utility. Here we report
a much different approach that involves the direct printing
of ions from fine nozzle tips in the form of electrified liquid
jets with nanoscale dimensions. Positive and negative pat-

terns of ionic charge, with nanoscale resolution and in nearly
arbitrary configurations, can be formed in this manner.

The experimental setups rely on adapted versions of
electrohydrodynamic jet (e-jet) printers14–16 that were re-
cently reported as high-resolution alternatives to conven-
tional thermal and piezoelectric inkjet systems. Such tech-
nology enables printing of liquid inks with resolution
approaching ∼100 nm for applications in DNA microarrays,
printed transistors, biosensors, and fine electrode struc-
tures.14–17 In these systems, ink delivered from a reservoir
to the tip of a fine, metal-coated nozzle forms a pendent
hemispherical meniscus. A dc voltage bias applied between
the nozzle and the substrate leads to the accumulation of
mobile charges in the ink near the surface of the meniscus,
as illustrated in Figure 1a. Positive (negative) charges pre-
dominate with positive (negative) voltages at the nozzle
relative to those at the substrate. Coulombic repulsion
between these charges induces electrostatic stresses that
deform the meniscus into a conical shape (Taylor cone).18

With increasing applied voltage, the sum of this electrostatic
force and the externally applied pressure eventually exceeds
the force associated with the capillary pressure at the apex
of the cone, leading to the formation of a thin liquid jet that
emerges from the tip of the Taylor cone and ejects toward
the substrate.19–22 (A constant, externally applied pressure
(e.g., pneumatic) can assist the electric-field-induced liquid
flow.16) Figure 1b shows an image of a representative conical
meniscus, a liquid jet, and printed droplet, captured using a
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high-speed camera (Phantom v7.0, Vision Research). After
ejection, the jet retracts back to the nozzle, to recover the
original meniscus shape.14,23 A key, previously unexploited
feature of this process is that the printed droplets contain
overall net charge. Here we demonstrate that this physics
can be exploited to yield a “charge printer” capable of
forming complex patterns of positive or negative (or both)
ionic charge with resolution extending into the nanoscale
regime, with very little or controlled amounts of material
transfer, on nearly any surface. Application possibilities
range from invisible, printed security codes to means for
electrostatic control of nanoelectronic/mechanical devices
to guided assembly of charged particles or micro/nanostruc-
tures to modulation of activity in biological systems. In
the following, we describe the fundamental aspects and the
technical capabilities, with an application example in the

controlled, patterned electrostatic doping of silicon na-
nomembrane transistors.

As an example, panels c and d of Figure 1 show a
scanning electron microscope (SEM) image of a nozzle tip
with a 300 nm i.d. and dots of charge (∼400 nm diameters)
printed with such a nozzle, respectively. Here, the ink
consisted of a photocurable polyurethane (NOA 74, Norland)
and the substrate was SiO2 (100 nm)/Si treated with hex-
amethyldisilazane (HMDS). The left frames of Figure 1e
correspond to jetting with a positive voltage at the nozzle
and a grounded substrate, which we will refer to in the
following as the positive printing mode (PPM). Kelvin force
microscopy (KFM; height and potential modes, Asylum
research MFP-3D AFM) revealed that the printed dots have
positive potentials (dot diameter, ∼300 nm in height modes;
charge width, ∼2.5 µm in potential mode) as expected from
the physics of the process outlined in the previous para-
graph. Here, the peak potentials are ca. +1 V, at the position
of the thickest regions (∼15 nm) of the printed dots. Revers-
ing the bias yields nearly identical printing resolution, but
with opposite charge (right of Figure 1e). We refer to this
operation as negative printing mode (NPM). Although the
ultimate limits in resolution are difficult to define, we suspect
that they extend to the range of tens of nanometers and
below. As evidence, Figure 1f shows printed droplets and
charge formed at the periphery of an area patterned in a
high-voltage operating mode designed to produce some
spray. Here, the feature sizes (i.e., 40-80 nm of dot diam-
eters in the height mode) approach the limits associated with
our KFM measurement.

In addition to nanoscale features, these methods are well
suited to the patterned deposition of nanomaterials with
controlled charge. Figure 2a shows examples of the silver
nanoparticles (2-5 nm diameter) with a proprietary organic
functional group for dispersion in tetradecane (Harima
Chemicals, NPS-J-HP). Lines were printed using the ink with
PPM (top) and NPM (bottom); the peak potentials were ca.
(0.5 V with ∼10 nm heights (nozzle, 1 µm i.d.). Panels b
and c of Figure 2 represent the potential images of patterns
printed using suspensions of silver nanowires24 and
nanocubes35 (50 wt % of dimethylformamide added for
nanowires and nanocubes) with 5 µm i.d. nozzles. Here, the
nanowires (diameter, ∼60 nm; length, ∼10 µm) and nano-
cubes (edge length, ∼120 nm) were printed with organic
residues; the peak potentials of the dots are ca. (0.3 and
(0.7 V, respectively. Use of these or other inks with auto-
mated e-jet printer systems allows formation of user-defin-
able charge patterns. Figure 2d provides KFM analysis of an
image of Michelangelo’s piéta statue formed in PPM with
a 500 nm i.d. nozzle and polyurethane ink. The total size
of the image is ∼800 × 820 µm, as shown in the left side of
Figure 2d. The physical heights (peak values ∼150 nm) of
the dots in the red-dashed area and their electrical potentials
(peak values ∼0.25 V) appear in the right side of Figure 2d.
We note that for these inks, and in certain other cases that

FIGURE 1. High-resolution printing of charge by controlled use of
electrohydrodynamic jets (e-jets). (a) Schematic illustration of field-
induced charge accumulation near the meniscus at the tip of a fine
nozzle. (b) Cone-jet transition captured using a high-speed camera.
The image reflected from a substrate (blue dashed line) is also
shown. (c) SEM images (side and tip view) of a nozzle with 300 nm
internal diameter (i.d.). (d) KFM potential image (left) and the 3D
image (right) that includes height information. (e) KFM height (top)
and potential (bottom) mode images of the patterns printed using
the 300 nm i.d. nozzle at PPM (left) and NPM (right). Here, the dot
diameters are ∼300-400 nm in the height mode. (f) KFM images of
the charged dots printed using a spray mode. A printed dot was
indicated with a red arrow to show the limit of our KFM potential
measurement, as an example.
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follow, we did not add ionic components. Residual concen-
trations of ions are apparently sufficient. The breakup of a
droplet occurs when the electrostatic repulsion exceeds the
surface tension.25 The maximum amount of charge per
droplet is therefore limited, and dependent on the droplet
size as well as surface tension of the liquid-air interface
(Rayleigh limit).25–27 In e-jet, the characteristic droplet size
can be changed by changing the nozzle diameter or the
applied air pressure,16,23 thereby providing also a means to

control the charge printed in each drop. To demonstrate this
effect, we printed dots with different diameters and then
determined their potentials with KFM. As shown in Figure
S1 in Supporting Information, bigger droplets printed with
higher air pressures lead to larger potentials.

As illustrated in Figure 1, switching the direction of the
electric field used to initiate jetting reverses the charge of
the printed droplets. Controlling the bias during printing
allows formation of patterns with both charge polarities.

FIGURE 2. Charge printing using various inks, including nanomaterials, in simple and complex geometries. 3D KFM images of the samples
printed using suspensions of (a) Ag nanoparticles, (b) Ag nanowires, and (c) Ag nanocubes at PPM (top) and NPM (bottom). Right images in (a)
show magnified areas. (d) Optical micrograph of a complex pattern (Michelangelo’s piéta) of charge printed by e-jet using a polyurethane ink
(left), with high-resolution images of height (AFM; top) and potential (KFM; bottom) corresponding to the red box on the left. The peak
thicknesses and potentials associated with the dots in these images are ∼150 nm and ∼0.25 V, respectively.

© 2010 American Chemical Society 586 DOI: 10.1021/nl903495f | Nano Lett. 2010, 10, 584-591



Experiments show that in most practical cases of interest,
the pre-existing patterns of charge have little effect on the
printing process. As a result, various functional inks with a
wide range of physical properties and pH values can be
successfully printed in both PPM and NPM on a single
substrate. Figure 3a shows patterns of dots with potentials
of about +5.5 and -5.5 V (peak values), using an aqueous
sodium phosphate solution (10 mM, pH ∼7) as the ink.

Diameters and peak heights of dots with both polarities are
∼10 µm and ∼90 nm, respectively. Figure 3b shows an
array of lines patterned using the polyurethane ink (pH ∼5).
In this case, NPM yielded an array of charged lines at -1.3
V and then PPM yielded another set of lines +1.3 V oriented
at right angles to the negative lines. In both cases, the line
widths are ∼3 µm and thicknesses are less than 100 nm. At
the crossing points, the negative and positive charges bal-

FIGURE 3. Printing and dissipation of positive and negative charges controlled by electric field direction. (a) Potential mode KFM images of
aqueous sodium phosphate solution (10 mM, pH ∼7). (b) Polyurethane (pH ∼5). (c) Quinoline (pH >8). (d) Aqueous DNA suspension. (e) Potential
control by printing multiple times with an ink of (poly(ethylene glycol) diacrylate). (f) KFM potential images of an ink of NaCl in water (30%
glycerin added), printed on a 100 nm thick SiO2 surface (on a Si wafer) in ambient air with a 2 µm i.d. nozzle, at various times after printing.
The graph on the right shows the change in characteristic widths (W) and peak potentials (V), normalized to the values immediately after
printing (Wo, Vo), for the positive case. The negative case shows similar behavior. The filled and vacant squares (or circles) in the graphs
indicate the normalized potential (V/Vo) and fwhm (W/Wo) for the hydrophilic (or hydrophobic) surfaces, respectively. (g) KFM potential images
of the NaCl ink printed stored in low humidity (H2O ∼ 0.3 ppm). The graph on the right provides information similar to that of the graph in
the frame above.

© 2010 American Chemical Society 587 DOI: 10.1021/nl903495f | Nano Lett. 2010, 10, 584-591



ance one another, thereby reducing the potentials in these
regions to values close to 0 V. The material volumes add to
yield heights of ∼500 nm. Figure 3c shows a pattern of dots
(∼3 µm diameters; 7 nm heights) at ca. (2.4 V (peak values)
using an organic base, quinoline (pH >8) as the ink. An
aqueous suspension of DNA (5 µM) can be also printed in
PPM and NPM, as shown in Figure 3d (left side); the negative
and positive dots (∼3 µm diameters and(3.5 V peak values)
are labeled (-) and (+), respectively. We used the single-
stranded oligonucleotide (5′-Alexa546-ACT CAC TAT TTC
GAC CGG CTC GGA GAA GAG ATG TCT C-3′ (HPLC), Inte-
grated DNA Technologies Inc.) suspended in H2O without
buffer but with 10 vol % of triethylene glycol to prevent
nozzle clogging. The dots marked with “+/-” correspond
to cases where droplets formed in PPM partially overlap
(offset by ∼2 µm) with droplets from NPM. Here, the NPM
operation occurred before complete drying of the PPM
droplets, to facilitate some mixing. The potentials at and
near the areas of overlap are significantly reduced, due to
charge balance.

Printing in multiple passes with a common printing mode
(i.e., NPM or PPM) increases the potential. As an example,
charged lines printed using a 500 nm i.d.nozzle and an ink
of poly(ethylene glycol) diacrylate (Sigma-Aldrich) (Figure 3e)
exhibited potentials that scale with multiple printing cycles
in the expected way, from ca. -0.2 V for a single pass to ca.
-1 V for five cycles. Additional cycles can increase further
the potentials, although sufficiently high values can affect
jetting direction, stability,28 and threshold voltages for
printing.

Both positive and negative patterns of charge persist for
times that depend on environmental factors including hu-
midity and substrate properties such as hydrophobicity.9,12

We studied the dissipation of charges patterned by e-jet with
an aqueous sodium chloride ink (1 mM, 30 wt % glycerin
added to avoid nozzle clogging) on substrates of SiO2/Si
untreated and treated with HMDS. Panels f and g of Figure
3 present some results. In ambient conditions, the peak
potentials decreased rapidly during the first few days due
to lateral spreading of charge and then continued to decrease
very slowly without significant additional spreading (curves
of Figure 3f and Figure S2a in Supporting information). A
sodium phosphate ink (1 mM, glycerin 30 wt %) also showed
similar behaviors, as shown in Figure S3 in Supporting
information. The temporal decay in the potential and the
associated lateral spreading can be significantly slowed (to
∼20% decrease over a week) by increasing the hydropho-
bicity of the substrate via the formation of a monolayer of
HMDS on the surface of the SiO2. Calculation of the inte-
grated potentials suggests that lateral spreading is accom-
panied by some degree of charge dissipation/neutralization
(Figure S4 in Supporting information). Also, we observed
that the initial rates of decay of negative potentials were
typically somewhat (10-20%) faster than the rates for
positive potentials. These trends, which are similar those in

corona discharge and contact electrification,3,12,29,30 suggest
that the underlying processes are mediated by water ad-
sorbed on the surface of the substrate. Counterions, includ-
ing H3O+, from the condensed water can neutralize some
of the printed charge and facilitate its diffusion on the
surface.3,12 (The e-jet printed charge patterns disappear
entirely upon rinsing of the substrate with deionized water.)
As further evidence of this mechanism, we observed nearly
complete retention of potentials and sizes in patterns of
printed dots by storing them in an environment with low
humidity (H2O ∼ 0.3 ppm) and exposing to ambient air only
for sufficient time (∼4 h) for each KFM measurement. As
shown in Figure 3g, in such cases the potentials of both
positive and negative patterns remained constant for 5 days
with negligible lateral spreading. (The ∼15% decay of the
negative potential for the sixth to eighth days resulted
primarily for exposure to ambient air during the KFM
measurements (Figure S2b in Supporting information).)

The capability of the e-jet printer to select the charge
polarity “on the fly” during a single patterning operation
enables formation of complex configurations of charge,
including in the form of digitized graphic art images, circuit
structures, or related, with desired spatial variations in signs
and magnitudes of the potentials. As an example, a drawing
of Vitruvian man by Leonardo da Vinci was e-jet printed
using polyurethane ink with a 1 µm i.d. nozzle on a HMDS-
treated SiO2 surface. Figure 4a provides an optical image of
the result. As shown in the magnified view of the head area
(Figure 4b), the image consists of a matrix of dots, with
diameters and horizontal spacings of ∼1.5 and ∼3 µm,
respectively. The body outline and area inside the circle were
printed in PPM and NPM, respectively, as depicted in Figure
4c. An SEM image (with a secondary electron detector) of
the pattern appears in Figure 4d. Areas with positive and
negative potentials appear darker and brighter, respectively,
due to different effects on the electron beam used for
imaging (500 eV energy in this case). The number of the
secondary electrons that originate from the areas of positive
potential is smaller than that from the negative potential
regions, as might be expected simply due to electrostatics.
This SEM contrast is sufficient to distinguish differences in
polarity, at least at a qualitative level, across the entire image,
corresponding to areas that are much larger than those that
can be examined in a single KFM image. The contrast in the
SEM, however, decreases with duration of exposure to the
electron beam, likely due to charge neutralization associated
with the electrons. Focusing with higher magnification and
increasing the beam energy tended to accelerate the rate of
this the neutralization. The Vitruvian pattern was scanned
using KFM (Figure 4e) before SEM observation, to allow
independent identification of the positive and negative
regions. The peak potentials, thicknesses, and dot diameters
are ca. (5 V, 260 nm, and 2 µm, respectively. As with the
results shown in Figure 3, the potentials are neutralized in
locations where the positive and negative charges overlap.

© 2010 American Chemical Society 588 DOI: 10.1021/nl903495f | Nano Lett. 2010, 10, 584-591



To illustrate a different but related capability, Figure S5 in
Supporting information shows a printed image of the Apollo
statue, in which regions of different charge are separated
into stripes. Figure S5a in Supporting information shows an
optical micrograph of the printed image and Figure S5b in
Supporting information illustrates the areas intended for
positive and negative charge. As shown in the KFM image
(Figure S5c in Supporting information), these stripes are
located immediately next to one another and have potentials
of ca. (5 V. Similar to the results of Figure 4c, areas with
negative potentials appear significantly brighter than the
positive regions under the SEM (500 eV).

Such patterns of charge can be used in functional devices.
Figure 5 demonstrates an example in the control of proper-
ties of silicon nanomembrane transistors. In particular, we
use printed charge to pattern regions of electrostatic doping
for the purpose of manipulating the threshold voltages, in a
manner conceptually similar to recent demonstrations using
electrets with organic transistors.31–33 In our case, the
transistors used 55 nm thick monocrystalline silicon mem-

branes34 formed from the top silicon layer of a silicon-on-
insulator wafer, with 145 nm buried SiO2. Patterned doping
with phosphorus provided Ohmic contacts for n channel
devices with channel lengths and widths of 75 and 100 µm,
respectively. The silicon wafer provided a back gate. A 100
nm layer of SiO2 deposited on top of the silicon in the
channel region and treated with HMDS served as a platform
for e-jet printed charge. Figure 5a shows a schematic dia-
gram of the device layout and an optical micrograph of
representative devices (before printing). Panels b and c of
Figure 5 show plots of the drain current (Id) as a function of
the gate voltage (Vg) (at a drain bias, Vd, of 0.1 V) and sets of
Id-Vd curves at various Vg, respectively. The threshold
voltage (Vth) and the on/off ratio are ca. -6.0 and ∼106,
respectively. The device mobility evaluated in the linear
regime is ∼600 cm2 V-1 s-1. Positive (or negative) charges
were printed using e-jet onto the top SiO2 layer (center part
of the device channel, 15 µm away from each edge of S/D),
as illustrated in Figure 5d. An aqueous 10 mM sodium
chloride ink (10% glycerol added) was used with a 2 µm i.d.

FIGURE 4. Complex image printing with positive and negative charges fully integrated with one another. (a) Optical micrograph of the e-jet
printed Vitruvian man. (b) Magnified view of the head area. (c) Original sketch by Leonardo da Vinci (black and red lines indicate areas
printed for positive and negative charges, respectively). (d) SEM image of the e-jet printed pattern (positive and negative charges appear dark
and bright, respectively). (e) 3D KFM images for blue and red rectangular regions in (a).
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nozzle. As shown in the SEM image (Figure 5e), the areas
printed with positive charges (or negative charges) appear
darker (or brighter) than the nonprinted areas, similar to the
cases of Figure 4 and Figure S4 in Supporting information.
The peak potentials evaluated by KFM before SEM imaging
were +1 or -1 V (Figure 5f). As shown in Figure 5g, Vth

moves toward the negative (or positive) Vg direction by
printing positive (or negative) charges by somewhat more
than 1 V in each case (inset of Figure 5g), as might be
expected due to the somewhat higher capacitances of the
top SiO2 than the gate dielectric. The Id-Vd characteristics
also change in a consistent manner (Figure 5, parts h and i).

In summary, the work presented here demonstrates that
nanoscale electrified fluid jets can be used for high-resolution
patterning of charge, to provide capabilities that are unavail-
able in other methods. Positive and negative potentials with
well-defined magnitudes can be printed using various inks,
ranging from polymers to metallic nanoparticles, nanowires,

and DNA, and substrate combinations, each with nanoscale
resolution. Control over the behavior of silicon nanomem-
brane transistors provides an example of the use of this
method for controlling the properties of nanoscale electronic
devices. Developing the technique to allow for even larger
potentials and finer features and exploring application op-
portunities in optoelectronics, sensors, and biotechnology
appear to be promising directions for future work.
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