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ABSTRACT

Aerosol Jet Printing is a promising technology for
expanding fields such as printable electronics. It is compatible
with a wide range of inks and can be printed on nearly any type
of surface topology due to its 3-5 mm standoff distance from the
substrate. However, nearly all printed inks require some form of
post-sintering processing to achieve reasonable electrical
conductivity. While several companies manufacture inks for
aerosol jet printing, they only provide a narrow range of post
processing results to demonstrate the achievable conductivity
data. In this paper, a design of experiment (DOE) strategy using
Van der Pauw printed pads is presented which can be applied to
characterizing any conductive ink. We focus on a silver nano-
particle ink from Clariant and monitor its conductivity under
various thermal curing conditions, including temperature and
time. From these results, a linear regression model is used to
develop an equation that predicts the expected conductivity of
the printed ink over a relatively-wide “time-temperature” design
space. Such a characterization process and predictive equation
are extremely useful for applications involving limited or
restricted thermal budgets, such as flexible electronics.

Keywords: Aerosol Jet Printing, Optomec, sintering,
conductivity, DOE, Van der Pauw

NOMENCLATURE
p resistivity
c conductivity
h thickness
t time
T temperature
I supply current
\% sensed voltage

1. INTRODUCTION

The concept of Aerosol Jet Printing (AJP) was
developed by a Mesoscale Integrated Conformal Electronics
(MICE) project that was funded by the Defense Advanced
Research Projects Agency (DARPA) in the 1990s [1]. The goal
of this funded project was to develop a process capable of
conformally depositing a wide range of materials on nearly any
substrate. AJP is now commercialized by Optomec, Inc., who
hold several patents for their AJP process [2]. A typical AJP
system consists of two major components (atomizing the raw
materials and depositing focused material), as shown in Figure
1. AJP works by placing ink into either an ultrasonic or
pneumatic atomizer that turns the liquid ink into a dense mist.
The mist is routed to the deposition head where it becomes
focused by a controlled sheath gas, usually Nitrogen. As the
aerosol stream and gas pass through the nozzle, they form a tight
beam and accelerate. This high velocity stream remains in tight
formation from the nozzle all the way to the substrate, which is
typically 2-5 mm away from the nozzle [3]. The AJP process can
print features as small as 10 microns all the way up to over a
millimeter [4, 5]. This is achieved by utilizing different nozzle
sizes.

AJP has an extremely wide range of printable materials.
Metals such as gold, platinum, silver, and copper can be made
into inks as well as polymers such as polyimide, PEDOT, and
SU-8 just to name a few [6]. AJP can also print semiconductor
materials, resistors, dielectrics/insulators, carbon, resists, and
even carbon nanotubes. Any substance that can be manufactured
into some form of ink is most likely compatible with the AJP
process. Typically, any ink that has a viscosity between 1-1000
cP is printable, although this range of values changes depending
on the type of atomization used. The quality and composition of
the ink is very important to the final morphology and
characteristics of the material after printing. Most materials also
require some form of post processing to finalize their properties.
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Post processing is usually done by sintering the material in the
oven [7], curing with Intense Pulse Light [8], or sintering with a
laser over the same contours printed. Some materials can also be
cured by UV light, although most printable metals do not fall into
this category.
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FIGURE 1: SCHEMATIC OF THE AEROSOL JET
PROCESS.

2. MATERIALS AND METHODS

This study used an Aerosol Jet Print Engine with a
Decathlon Print Cassette from Optomec for all printing
processes. An ultrasonic atomizer was used to atomize a silver
ink made by Clariant. After printing, the silver ink was cured in
an oven in ambient conditions. The focus of this study was to
characterize the response of the Clariant silver ink in the oven
with varying time and temperature and measure the resulting
conductivity. Using these results, a statistical model was
developed to show how the conductivity changed with time and
temperature using a linear regression model.

2.1 Optomec Aerosol Print Engine System

The Optomec aerosol print engine was used to study the
conductivity of printed features on the glass wafers. The current
system consists of a print engine, a process control cabinet and
the KEWA process control — the software the system uses to
modify printing parameters such as flow rate, sheath gas, etc. A
Velmex XY stage was used to control the motion as shown in
Figure 2. The AJP used has the 300 um nozzle tip and is capable
of focusing an aerosol stream down to a tenth of the size of the
nozzle orifice, resulting in 30 pm.  Figure 3 shows some
examples of narrow prints on different surface features — a 30
um width printed line on a glass slide (a), a 400 um deep silicon
micromachined cavity (b), a 30 pm tall fragile spherical buckled

polyimide structure (c¢) and a 1 mm carbon fiber rod (d). Clariant
TPS 50G2 silver ink was used throughout all printing and the
process recipes were optimized/tuned by changing the sheath
flow rate, atomizer flow rate, substrate material, stand-off
distance and stage speed to change the morphology of the printed
lines.

— Aerosol Jet Print Engine

Velmex XY Stage

2: MOUNTED OPTOMEC AEROSOL PRINT

FIGURE
ENGINE AND THE VELMEX XY STAGE.

FIGURE 3: 30-MICRON SILVER LINES PRINTED ON (a) A
GLASS SLIDE, () A 300 pm DEEP SILICON
MICROMACHINED CAVITY, (c) A 30 um TALL FRAGILE
SPHERICAL BUCKLED POLYIMIDE DIAPHGRAM, (d) A 1
mm DIAMETER CARBON FIBER ROD.

2.2 Printing Process

For this experiment, the Optomec Decathlon engine
was set to have a flow rate of 25 sccm, a sheath value of 30 sccm,
and a divert and boost value of 50 sccm. The transducer was set
to 500 mA and the Ultrasonic Atomizer bath was set to a
temperature of 23 °C - close to room temperature. These
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parameters were set using the KEWA process control software.
The other parameters used that were set outside the KEWA
software include setting the chiller to 15 °C and diluting the
Clariant silver ink with deionized (DI) water. A ratio of 3:1 DI
water to ink was used to lower the viscosity of the ink to the
acceptable range — between 1-10 cP for the ultrasonic Decathlon
print engine. These settings gave an average line width of 150
pm when examined under the microscope. The line width was
always verified under the microscope before printing samples for
the experiment to ensure consistency. All printing processes done
in this study used these parameters and were printed at a speed
of 5 mm/s. Once the print engine was tuned, 3x3mm Van der
Pauw square pads were printed on a 2-inch glass slide using a
shadow mask as shown in Figure 4. A shadow mask was used for
this part of the research to improve the perimeter edge quality of
the silver pads. A slightly overlapping serpentine structure was
programmed to print the pads by adjusting the steps in the x-
direction of the Velmex program to prevent any gaps. After
printing, the Van der Pauw silver pads were sintered in the oven
at a wide variety of times and temperatures.

3x3mm

FIGURE 4: PRINTED SILVER PADS USING THE
SHADOW MASK.

2.3 Sintering Process

Thermal curing using an oven is one of the most reliable
curing approaches for nanoparticle inks. Initial heating of the
printed features leads to the evaporation of the solvent, making
the nanoparticles come in contact with each other. Further
heating leads to fusion and causes the material to form a
continuous layer. A temperature of approximately 300°C is
typically required to remove most commonly used organic
compounds completely [9]. However, some substrates — such as
PCBs cannot be cured at high temperatures. If the curing
temperature is not high enough to remove the solvents and the
other organic compounds, it will lead to an increase in the
electrical resistance of the printed devices [10]. Therefore, it is
important to optimize the curing temperature along with the
amount of time cured to reduce the electrical resistance of the
printed material and improve the conductivity. In this study, a

design of experiment (DOE) was developed to optimize the
conductivity of the silver printed features on glass wafers using
a Lindberg/Blue M oven as shown the in Figure 5.
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FIGURE 5: LINDBERG/BLUEM OVEN USED FOR
THERMAL CURING.

2.4 Conductivity Measurement

The DOE uses the Van Der Pauw Method to determine
the conductivity [11]. This technique was established in 1958
and continues to be used to measure the resistivity of thin
conducting films (film should be much thinner than its width or
length). The Van Der Pauw method employs a four probes placed
uniformly around the perimeter of the sample — two probes are
used for the supply current, while the remaining two probes are
used for voltage sensing as shown in Figure 6. According to the
theory, resistivity can be calculated using Equation 1 and the
conductivity of the material will be the inverse of the resistivity
— calculated with Equation 2.

p="T1h220% _ oo (1)
?Oh QOQOD
Where h is the thickness of the film.

)
7 By=Vis/ by

Rg=Vas/ hy

FIGURE 6: VAN DER PAUW MEASUREMENT
TECHNIQUE FOR DETERMINING PAD RESISTIVITY.
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A probe station equipped with 4 micromanipulator
probes was used to determine the resistance by supplying 1 mA
of current across adjacent pad corners, and then measuring the
voltage in the opposing corners using a high-quality digital
multimeter as shown in Figure 7. The sample was then rotated
by 90 degrees and the process repeated until all combinations
were measured. An average reading was then calculated. A
Dektak profilometer was used to find the average thickness of
the film.

I
FIGURE 7: EXPERIMENTAL SETUP TO DETERMINE THE

RESISTIVITY OF THE PRINTED SILVER PAD AFTER
THERMAL CURING.

3. RESULTS AND DISCUSSION

As discussed in the previous section, the experiment was
performed by sintering printed silver pads in an oven at a wide
variety of combinations of time and temperature. The
temperatures, in Celsius, used for the experiment were 120, 150,
200 and 250. For each temperature value, a sample was taken out
at the following time values: 0.5, 1, 10, 20 and 40 hours.
Resistivity was measured using the probe station and the average
thickness of each pad was determined using the Dektak
profilometer as shown in Figure 8. The roughness in the pad’s
top surface profile is due to the slight overlapping of lines in the
serpentine structure. Each sample had three pads and the best two
pads were selected out of the three to find the conductivity. The
40 trials were conducted in random order yielding the data in
Table 1 below.

FIGURE 8: DEKTAK PROFILE OF A 3x3mm PAD.

TABLE 1: EXPERIMENTAL DATA FROM THE 40

RANDOMIZED PADS.
Run |Temperature| Curing Conductivity Conductivity
Order (°C) Time (hrs) Response 1(Q 'm ')| Response 2(Q 'm ')

1 120 0.5 NO RESPONSE NO RESPONSE

2 120 1 NO RESPONSE NO RESPONSE

3 120 10 NO RESPONSE NO RESPONSE
4 120 20 1.73E+06 1.84E+06
5 120 40 3.14E+06 3.30E+06

6 150 0.5 NO RESPONSE NO RESPONSE

7 150 1 NO RESPONSE NO RESPONSE
8 150 10 6.69E+06 5.88E+06
9 150 20 5.07E+06 4.85E+06
10 150 40 7.55E+06 6.90E+06
11 200 0.5 1.58E+07 1.90E+07
12 200 1 2.09E+07 2.43E+07
13 200 10 2.66E+07 2.70E+07
14 200 20 2.83E+07 2.65E+07
15 200 40 3.12E+07 3.26E+07
16 250 0.5 1.93E+07 2.55E+07
17 250 1 2.03E+07 2.17E+07
18 250 10 3.68E+07 3.20E+07
19 250 20 3.81E+07 3.51E+07
20 250 40 4.61E+07 4.71E+07

Linear regression modelling reveals that both time (t) and
temperature (T) are highly significant in predicting conductivity.
Minitab output including the ANOVA and R-sq values are
shown below in Figure 9.  The resulting linear regression
equation is found to be:

6 =-3.62¢7 + (2.64e5)(T) + (2.94e5)(t) 3)

where T is Temperature (°C) and t is time (hours)

Model Summary

S R-sq
5093542 88.76%

R-sq(adj)
88.15%

R-sq(pred)
86.59%

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Regression 2 7.577E+15 3.788E+15 146.03 0.000
Temp (deg C) 1 6.829E+15 6.829E+15 263.25 0.000
Time (hrs) 1 7472E+14 7472E+14  28.80 0.000
Error 37 9.599E+14  2.594E+13
Lack-of-Fit 17 9.090E+14 5.347E+13  21.01 0.000
Pure Esror 20  5.090E+13  2.545E+12
Total 39 8.537E+15
FIGURE 9: MINITAB OUTPUT OF THE MODEL
SUMMERY AND ANOVA.

The high adjusted R-squared value (88.15%) indicates that
the model explains a very high percentage of the variation seen
in the data. Values over 70% are typically considered to be
acceptable. To check for model adequacy, we analyzed residuals
from the model (actual data minus predicted value). We find the
residuals to be normally distributed, as indicted by the linearity
observed on the probability plot in Figure 10. We also see no
discernable patterns in the residuals versus fits or in the residuals
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versus run order which would indicate a problem in the model or
experimental setup.

Residual Plots for Conductivity
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FIGURE 10: RESIDUAL ANALYSIS TO CHECK FOR
MODEL ADEQUACY.

In general, we conclude that the model is adequate in
predicting conductivity for values of time ranging from 0 to 40
hours and temperatures ranging from 120-250 °C. A contour plot
of conductivity versus time and temperature is shown in figure
11. This model can be used to predict the conductivity for certain
time and temperature and benefitted to many applications.

Contour Plot of Conductivity vs Time (hrs), Temp (deg F)
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FIGURE 11: CONTOUR PLOT CONDUCTIVITY VERSUS
TIME AND TEMPERATURE.

4. CONCLUSION

In summary, a design of experiment (DOE) was introduced
to characterize the conductivity of aerosol jet printed silver
features on glass substrates and to develop a reusable model for
other printable materials.  This study utilized an Optomec
Decathlon print engine and Clariant Ag ink to print 3x3mm
square pads on 2-inch glass wafers using a shadow mask. The
samples were then cured using an oven with different time and
temperature values. The Van der Pauw method was applied to
determine the conductivity values for each pad and afterwards a
linear regression model was developed to successfully predict
the conductivity for time values ranging from 0 to 40 hours and
temperatures ranging from 120-250 °C by analyzing the
collected experimental data. Although only demonstrated with
an oven and one type of ink, this procedure can be done with any
material and any post processing method to develop an equation
that can predict conductivity with a few given variables.
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