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ABSTRACT 

 
Electrophotographic direct-write is a technique that has 

been developed to directly pattern dry powder images to a 
substrate.  These powder images can then be fused to create 
the components and interconnects of an electronic circuit.  
Concepts of electrophotography were used to envision a 
new direct-write system capable of printing conductive and 
resistive powders.  This system was developed into a test 
bed to conduct investigations on the feasibility of this 
technique.  Initial experimentation was conducted to prove 
the system could work with both conductive (nickel) and 
non-conductive (oxidized copper) dry powders.  With the 
successful patterning of these powders, testing was done to 
improve the quality of the printed image and increase the 
printed powder density. 
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1 BACKGROUND 
 
In recent years, direct-write electronics manufacturing 

technologies have been the focal point of much research.  
These methods simplify the manufacture of electronics by 
directly patterning material onto a substrate in a single step, 
giving the potential of greatly reduced production costs.  
Further, the computer-automated nature of these processes 
allow for print-to-print variation of product.  This can 
greatly reduce the price of small production run items by 
allowing the capital costs to be shared between multiple 
products. 

These direct-write techniques have relied on methods 
that write in a point-by-point method, like a pen drawing 
across paper.  The simplest of these is the extrusion method 
which pushes a viscous paste through an orifice as it draws 
across the substrate [1].  Another method is based on using 
a pulsed laser to selectively ablate a material from a transfer 
sheet to a substrate [1,2,3].  Recently, researchers have been 
looking at using inkjet printing techniques to print powder 
suspensions, precursor materials, and liquid polymers 
[4,5,6].  

However, none of these methods have achieved 
production of nanoscale features or high production rates.  
Printed features are limited due to the liquid or paste nature 
of the building material.  The point-by-point tracing of 

patterns limits the production speed, often requiring multi-
orifice print heads to achieve efficient production.     

 
2 ELECTROPHOTOGRAPHIC  

DIRECT-WRITE 
 
In this research, an electrophotographic direct-write 

printing method has been proposed to overcome the speed 
and size limitations of current direct-write technologies.  
Electrophotographic methods have the advantage that they 
are normally implemented with dry powders, a simpler 
form than the precursors and liquidized suspensions 
required by other techniques.  Also, the implementation of 
nanopowders brings the possibility of printing nanoscale 
features, an area where liquid and viscous paste methods 
suffer.  Another distinct advantage of electrophotography is 
that it deposits the pattern in a line-by-line method.  This 
will allow a great increase in production rate over the 
current point-by-point methods.  

 
2.1 Electrophotography 

While electrophotography sounds exotic, it is the 
common process that is normally implemented in laser 
printers and photocopiers. This process was developed for 
document reproduction and has been almost exclusively 
used for this purpose.  However, in its general form 
electrophotography is a very versatile process that can be 
applied to other technologies. 

Electrophotography is a method of using charges to 
electrostatically develop an image.  The method relies on a 
member coated with a photoconductive material.  These 
materials are a class of semiconductors that are normally 
nonconductive but become conductive when illuminated by 
a light source.  In electrophotography, a photoconductive 
material is given a uniform surface charge.  Then, taking 
advantage of the photoconductor’s properties, a focused 
light source illuminates points on the photoconductive 
surface erasing the local charges.  This results in a latent 
charge image that can be selectively developed by charged 
particles using electrostatic forces.  At this point, a powder 
image of the charged partials has been created and can be 
transferred to the desired substrate, once again, using 
electrostatic forces. 
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  Toner            Copper       Nickel 

Figure 1: Powder development schemes.

2.2 Electrophotographic Direct-Write 

Electrophotographic direct-write is the process of using 
an electrophotographic system to deposit images of 
powders that are useful for electronics purposes.  Instead of 
printer toner, like a laser printer, the system can be 
modified to print conductive and resistive materials to 
create simple electronic components or interconnects.  
While some powder materials have sufficient electrical 
properties, most of the powder materials printed using this 
method will have to be fused afterwards to achieve the bulk 
material properties.  This system could even be developed 
to deposit multiple powders, similar to a color laser printer 
depositing multiple colors.  This would create a system that 
could rapidly produce simple electronic circuits.   
 

3 EXPERIMENTATION 
 
Using the developed electrophotographic direct-write 

technique, a test bed was created to prove the concept.  The 
electrophotographic engine was taken from a commercial 
laser printer and modified to suit the test powders. 

This test bed was successfully used to create images of 
conductive and nonconductive microscale powders.  Nickel 
was used for the conductive powder testing.  Copper was 
used as the nonconductive powder, since the surface 
oxidation created a nonconductive coating on the particles.  
To print these powders, two development schemes were 
implemented.  For copper, the image was developed in the 
discharged areas, similar to the toner in the original laser 
printer.  The nickel was developed using a scheme where 
the powder was transferred to the charged areas.  These 
development schemes are shown in Figure 1. 

Initial testing was done to investigate the affect of 
various parameters on the printed density of powder.  In 
this case, density refers to the mass of powder per unit area 
of the substrate surface (M/A).  The printed density was 
measured in both the desired image areas and the undesired 
background areas.  The dependence of printed density on 
photoconductor surface charge, developer roller charge, 
developer roller coating, and substrate choice was tested. 

 

3.1 Photoconductor Charge 

One parameter that affects the density of powder printed 
is the initial charge placed on the photoconductive material.  
The value of this charge defines the strength of the 
electrostatic field pulling the charged powder from the 
reservoir to the charge image on the photoconductive drum.  
Based on the assumptions made and the exact development 
scheme, various theories exist on exactly how this charge 
affects the printed mass per unit area.  The common theme 
of these theories is that there should be some increasing 
trend with an increasing magnitude in photoconductor 
charge.  This is due to stronger electrostatic forces 
attracting the powder to the conductor. 

The printed density of conductive nickel powder 
demonstrated a general increasing trend with increasingly 
negative photoconductor charge.  The printed density in the 
background remained fairly constant for the nickel powder.  
These trends are shown in Figure 2. 

 

Nickel M/A versus Photoconductor Charge
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Figure 2: Nickel density versus photoconductor charge.  

The printed density of nonconductive copper powder 
increased then decreased with an increasingly negative 
photoconductor charge.  The printed density in the 
background areas for copper decreased then leveled off 
with increasingly negative photoconductor charge.  Both 
trends are shown in Figure 3. 
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Copper M/A versus Photoconductor Charge
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Figure 3: Copper density versus photoconductor charge. 

3.2 Developer Roller Charge 

A second parameter that affects the amount of powder 
developed is the charge put on the developer roller.  This 
developer roller is located in the powder reservoir.  The 
roller acts as the electrode opposing the photoconductor’s 
charge image, contributing to the electrostatic field the 
charged powder follows.  Direct contact between the 
powder and roller can also bias the charging of the powder. 

The developer rollers in most commercially-available 
electrophotographic systems come with a thin-film coating 
to promote charging of the powder.  Testing was done with 
the factory-coated developer roller, and with an uncoated-
aluminum developer roller.  This testing was done to 
indicate if the coating, which is optimized for toner, was 
beneficial to the printing of nickel and copper powders. 

The results of the developer roller charge tests are 
shown in Figures 4 and 5.  The nickel powder did not show 
a significant dependence on the developer roller voltage or 
coating.  Copper powder also showed little dependence on 
developer voltage for the coated roller.  However, when 
using the uncoated roller, the image-area development 
increased significantly at high-magnitude charge levels. 

 

Nickel M/A versus Developer Charge
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Figure 4: Nickel density versus developer charge. 

Copper M/A versus Developer Roller Charge
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Figure 5: Copper density versus developer charge. 

3.3 Substrate Choice 

Finally, testing was done to determine the influence of 
the substrate on the process.  Along with the glass slides 
used for development testing, Kapton© and Mylar© films 
were used as substrates.  Results indicated there was little to 
no variation with these substrate choices. 

 
4 CONCLUSIONS 

 
This research has shown promise for the ability to print 

electronic powders using an electrophotographic system.  A 
test bed was created, and it was used to prove that 
electrophotographic direct-write systems can work.  Initial 
testing has been completed giving more insight into how to 
operate these systems.   

The advantages of electrophotographic direct-write 
systems warrant further investigation.  The system uses 
electronics materials in the common dry-powder form.  The 
line-by-line nature of the process allows for an increase in 
production speed.  With the use of nanopowders, it could be 
possible to print with nanoscale resolution.   

There is a wealth of knowledge and research on laser 
printer systems that is directly applicable to this direct-write 
concept.  This research has only touched the surface of 
electrophotographic knowledge, only attempting to prove 
that this system could work.  With future research, this 
could become an effective production method for mezzo 
and nanoscale electronics. 

This work was supported by the Center for Nanoscale 
Science and Engineering (CNSE) at North Dakota State 
University from funds received from the Department of 
Defense. 
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