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Abstract: Inkjet printing for printed electronics is a growing market due to its advantages, including
scalability, various usable materials and its digital, pixel based layout design. An important quality
factor is the wetting of the ink on the substrate. This article proposes a workflow to evaluate the print
quality of specific layouts by means of image analysis. A self-developed image analysis software,
which compares a mask with the actual layout, enables a pixel-based analysis of the wetting behavior
by the implementation of two parameters called over- and underwetting rate. A comparison of actual
and targeted track widths can be performed for the evaluation of different parameters, such as the
tested plasma treatment, drop spacing (DS) and substrate temperature. To prove the functionality of
the image analyses tool, the print quality of Au structures inkjet printed on cyclic olefin copolymer
(COC) substrates was studied experimentally by varying the three previously mentioned parameters.
The experimental results showed that the wetting behavior of Au ink deposited on COC substrates
influences various line widths differently, leading to higher spreading for smaller line widths. The
proposed workflow is suitable for identifying and evaluating multiple tested parameter variations and
might be easily adopted for printers for in-process print quality control in industrial manufacturing.

Keywords: inkjet printing; digital printing; printed electronics; image processing; image analysis;
wetting behavior

1. Introduction

Printed electronics is a growing market with many applications such as display tech-
nology, photovoltaics, antennas and sensors, e.g., for bio applications [1-3]. One manufac-
turing technology in those fields with many advantages is inkjet printing. It is a digital
process that enables individual, scalable deposition of various inks and materials such
as Au, Ag, conductive polymers and insulating materials on different substrates such
as polymers, ceramics or glass. Piezo based drop-on-demand inkjet systems are mostly
used in printed electronics because they allow a pixel based layout design. This enables
resource-friendly manufacturing processes since the precious functional materials are only
deposited where they are needed.

The printing quality of the structure and the later performance depend very strongly
on the ink setting on the substrate and are influenced by a variety of different parameters.
Conditions before the actual manufacturing, like, for example, cleaning procedures, ink
composition, plasma activation for polymers and other surface modifications, influence the
wetting behavior. Printing parameters such as drop spacing, drop ejection, print direction,
layout design and drying can influence the print quality to create line widths down to
50 um [4]. With regard to printed electronics, knowing exactly how the ink wets a substrate
surface is crucial. The unpredicted flow of conductive ink, such as overwetting, can result in
shortages or, in the case of underwetting, unwanted behavior, such as resistance changes or
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insufficient current carrying capacity. Finding suitable parameters is mostly only applicable
to specific material combinations and requires manual tests [5].

An often-used method to influence wetting is to adjust the ink’s properties, e.g.,
by adding solvents and surfactants and to determine their influence by contact angle
measurements as conducted in [6,7] or [8]. To minimize testing efforts, [9] implemented
a jetting prediction tool to improve jetting capabilities of newly formulated inks. Other
approaches, such as [10], tried to improve the wetting by surface treatment with plasma or
excimer laser treatment [11]. Contact angle measurements, in general, can only show better
or worse wetting. Specific inkjet manufacturing influences such as the very low droplet
volume in the picoliter range, effects of droplet speed and impact or interactions with
already deposited ink cannot be included in these measurements. An interesting approach
to increase the understanding of (multiple) droplet(s)/surface interaction in inkjet printing
by means of simulation methods was established in [12]. This reference shows a first step
towards the simulation of single line printing and how surface treatment can influence line
quality and concludes that a 30-40° contact angle is most suitable to print a single line.

One way to improve the overall printing quality is the implementation and tracking
of quality factors by the use of image analysis. Bischoff et al. [13] implemented a test
bench for the evaluation of new inks and for acquiring print quality data such as size,
shape and centroid position of single droplets on a substrate. The setup consists of a
printhead, fluorescence and color cameras for quality control with LED illumination and a
drop watching station. Droplet positions were converted into a binary mask for further
algorithmic evaluation. An alternative technique to improve the printing quality for
complex layouts (layouts containing multi-lines, crossings, junctions or multilayer systems)
is the implementation of design kits by optical evaluation [14-16], showing the problems
of such layouts and using pattern compensation as a possible solution for the specific
ink/substrate combinations. A method to create a design kit for inkjet printing of a 4-layer
(metal, dielectric, metal, and organic semiconductor) design is displayed in [17]. Layout
features such as line width, spacing, corner distances and overlapping can be evaluated
electrically and optically. However, the features were only characterized as good/bad, but
no quantitative values were detected. With regard to creating a design kit, [18] went one
step further and suggested a method to adjust the layout to bitmap conversion with the
extracted design rules. Ref. [19] improved this method by the use of machine vision and
image extraction technologies to automatically detect failures in printed structures and
adjust layouts and printing parameters such as drop sequence accordingly. In order to
achieve such results, a single nozzle inkjet printer was modified with a strobe light and
camera to detect the ejected single droplets. In [20], a design kit for hybrid electronics
(printing, sintering and SMD mounting) is discussed. With the implementation of complex
machine and image processing methods, a system for simple hybrid electronics was created.
All of the above-mentioned references [11-18] used image processing and analysis tools
to gain data for an adjustment of the printing process in order to increase the printing
quality. Most of them require technically complex printers and special tools, which are
not applicable for printing complex layouts with multiple nozzles. In addition, some do
not take the effects of wetting behavior or the interaction between substrate and ink into
account.

In this paper, a simple workflow using a self-developed image analysis tool to find
suitable surface pre-treatment and printing parameters to achieve good print quality is
proposed. The workflow, shown in Figure 1, consists of

1. inkjet printing of a specific test layout,

2 microscope imaging,

3. image analysis to assess the print quality and

4.  finally, a manual determination to optimize the pre-treatment and printing parameters.
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Figure 1. Workflow for improving the print quality in inkjet printing based on an image analysis
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evaluation.

To demonstrate the functionality of the proposed workflow, Au ink was inkjet printed
on COC, a substrate/ink combination that has proven useful for medical applications, as
shown in [1] and [21]. The workflow might be easily adopted for different printers and for
different substrate/ink combinations. It may also be used as a first step for design kits and
for quality control in industrial production.

2. Materials and Methods
2.1. Experimental Design for Printing

The functionality of the workflow was tested for a given substrate material and ink
by analyzing a set of plasma speeds, drop spacing and substrate temperatures in order to
find the most suitable printing parameters for sufficient print quality. Every parameter set
contained fixed parameters, which were either predetermined or determined based on the
image analysis conducted in the previous investigation step. The schematic experimental
process, including the fixed and varied parameters, is shown in Figure 2. The parameters to
be determined in the previous investigations are highlighted by a question mark. To begin
with, the plasma speed was varied by already existing treatment programs containing
the same distance to the substrate. In the following investigation, the drop spacing was
varied for a predetermined substrate temperature and the plasma speed, determined in the
previous investigation. Last, the substrate temperature was varied between 50 °C, 55 °C
and 60 °C for the plasma speed and drop spacing gained in the steps before.

Fixed parameters Fixed parameters
- plasma speed? - plasma speed?
- 50°C ‘— drop spacing?

25 mm/s
50 mm/s
80 mm/s

Figure 2. Schematic process parameter sets for inkjet printing experiments.

2.1.1. Materials and Pretreatment

Injection-molded plates from COC 5013 S-04 from Topas Advanced Polymers GmbH,
Raunheim, Germany, were used as substrate material. Drycure Au-J 1010B from C-INK Co.,
Ltd., Soja City, Japan, was used as ink. The ink formulation and properties are provided
in Table 1. For the surface tension, both the manufacturer specifications and a measured
value from [10] are given. Pretests were conducted on liquid crystal polymer (LCP) Vectra
E840i LDS from Celanese, Irving USA, with silver nanoparticle ink I-30EG1 from PV
Nanocell Ltd., Migdal Ha’Emek, Israel. Prior to further processing steps, all substrates
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were ultrasonically cleaned with isopropanol for 3 min, rinsed with distilled water and
then dried in a furnace for one hour at 80 °C.

Table 1. Formulation and properties of Drycure Au J 1010B (C-INK CO, Ltd., Soja City,
Japan) [10,22,23].

Parameters [Unit] (Measuring Condition) Au ] 1010B

Au content concentration 10/

Ink composition [wt%] water and additives 90

Viscosity [mPA s] (25 °C) 10
Surface tension [mMN/m] 30
(dispersive/polar share) 32.6 (28.4/4.2)
Metal particle size [nm] 15-20
Volume resistivity [(Qcm] 5x 1075

COC substrates have to be plasma activated for inkjet printing with Drycure Au ]
1010B due to their low surface energy [1]. An atmospheric plasma system FG5001 equipped
with a rotation nozzle RD1004 from Plasmatreat GmbH, Steinhagen, Germany, was used.
The varied parameter for the activation was the traversing speed with 25 mm/s, 50 mm/s
and 80 mm/s. The distance between the nozzle and the substrate, as well as the plasma
generator, was kept constant.

2.1.2. Printing

Inkjet printing was conducted with a Dimatix DMP 2850 from Fujifilm Dimatix, Inc.
Santa Clara, CA, USA, in a clean room facility with Samba 2,4 pl cartridges, specified in
Table 2. The printing equipment allows the use of 12 firing nozzles, but only two nozzles
were used in the experiments to establish the same drying parameters for each tested
parameter set and to allow a stable printing process. The DMP 2850 printer allows the
heating of substrates from 28 °C up to 60 °C. The experiments were performed at 50 °C,
55 °C and 60 °C, respectively. For each parameter set, three substrates were produced with
one printed ink layer at the same parameters to establish a certain statistical background
for the experiments.

Table 2. Specification of the printer and cartridges used in this study [24,25].

Specifications
Pri Printable area (substrate size x thickness [mm]) 210 x 260 x 25

rinter Substrate holder temperature [°C] 28 to 60

Nozzles 12
drop size [pL] 2.4-10.0

Cartridge Native resolution [DPI] 75
Jetting frequency [kHz] max. 15

Achievable dot size [um] 30

Drop spacing is defined by the pixel size within the layout as well as the cartridge angle
of the printer and determines the distance between the center point of each droplet [26]. In
the experiments, 10 um, 15 um and 20 um DS were tested to ensure overlap between each
drop.

The printing layout and its features are displayed in Figure 3. It consists of four
crosses with trace widths of 100 um (L1), 300 um (L3), 500 um (L5) and 800 um (L8).
Each cross contains traces in the directions 0°, 45°, 90° and 135° to the print direction. In
addition, each cross was surrounded by four pads, respectively. The size of the pads was
1000 um x 4000 pm. These pads are used not only to characterize the wettability but also
as alignment markers to position the geometry during image processing precisely.
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Figure 3. Printing layout design with labeled trace widths 100 um (L1), 300 um (L3), 500 pm (L5) and
800 pum (L8), traces twisted 0°, 45°, 90° and 135° to the printing direction and pads.

2.2. Microscope Imaging and Image Analysis

The images for the subsequent analysis were taken with an SMZ 1270 stereomicroscope
from Nikon, Minato, Japan, with the illumination device KL 1500 LCD from Schott, Mainz,
Germany and a white background. The image was taken in that specific setup to avoid
shadows due to high-profile changes and reflections from the substrate surface captured.

The software for image analysis was programmed in python using opencv and tinker
for image manipulation and user interface. The analyzing sequence within the software
tool is displayed in Figure 4, beginning with the import of both the original layout and
the microscope image, followed by the mask creation (Section 2.2.1) and the mask and
layout overlay (Section 2.2.2). In the last step, the definition of the region of interest (ROI)
and a quality assessment was executed (Section 2.2.3). Mask creation can be adjusted to fit
the needs of different substrate/ink combinations and to improve the image quality for
analysis.

2.2.1. Mask Creation

After the image import, the user can manipulate the image with preselected filters
such as Gaussian, mean value, median, and bilateral filtering and choose a convolution
kernel size to determine the effect of the filter. This allows noise reduction (denoising) in
the images. Noise in a digital image is a random variation of information such as brightness
and color and, therefore, mostly a deterioration of the image [27-30].

For the printed samples on COC 5013 S-04, the bilateral filter with a convolution kernel
size of 3 pixels provided the best fit among the available filters and was therefore chosen.
Other substrate/ink images might need other filtering parameters.

Converting the image from RGB to a binary image was conducted by means of
thresholding to create a mask of the printed structure. This conversion was necessary
because of the needed separation of the printed structure (foreground) from the substrate
(background) to extract features for analysis. Separation was conducted by setting a defined
value in a histogram for each image depending on its specific characteristics. To determine
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the threshold value for various ink/substrate combinations, different thresholding methods
are available to the user. The user can choose between the options “Greyscale”, “brightness”
and “saturation” thresholding. “Greyscale” conversion determines the threshold value
based on light intensity. “Brightness” and “saturation” thresholding methods originate
from the hue/saturation/value (HSV) color space. For image processing, the brightness
value and the saturation are the commonly used parameters to determine the contrast
between foreground and background [31]. The threshold value can either be determined
manually with a displayed histogram or by an automatic procedure called Otsu-method.
The Otsu-method is a variance method to select values within and between different
classes [32]. Within a class, the variance should be as low as possible. Between the classes,
the variance should be as high as possible.

1) Image/layout - 3) Mask/layout 4)ROI defintion and
2) Mask creation overlay quality assessment

— Denoising — Edge recognition — Wetting rate
— Thresholding — Alignment — Line witdh
— Morphology — Scaling — Deviation calculation

Figure 4. Analyzing sequence within the image analysis tool comprising the steps (1) image and
layout import, (2) mask creation (Section 2.2.1), (3) overlay of mask and layout (Section 2.2.2) and
(4) the definition of the region of interest and final quality assessment (Section 2.2.3).

For the COC substrates with printed Au ink structures, the later described evaluation
of the printing experiments was performed by automatic thresholding with the brightness
option.

Some masks need further optimization because they contain bad information, such
as droplet splashes or image shadows on the printed structure, which are wrongfully
displayed as background. The software tool, therefore, offers several options, such as
“island detection”, which eliminates single droplets with a manually defined pixel size.
A useful tool is the use of mathematical morphology to simplify images by preserving
essential shape features of objects and eliminating irrelevant objects [33]. By use of a
convolution kernel, there are two basic operations available: erosion and dilatation. With
erosion, the kernel is always erased, and with dilation, it is always filled. “Opening” and
“closing” are mathematical morphology operations based on erosion and dilation. The
opening is defined as erosion before dilation, and closing is dilation and afterward an
erosion operation [34]. In combination with the specific kernel size (namely: rectangle,
ellipse and cross), the mask quality can be significantly increased. An example is given
in Figure 5 for Ag ink on an LCP substrate. Figure 5a shows the original image with
some shadows from the microscope’s illumination on the printed structure due to surface
inhomogeneity. Figure 5b shows the mask after thresholding, and Figure 5c shows the
improved mask. The improved mask matches better with the original image and only
displays the underwetting areas and not the shadows.
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(b)

Figure 5. Example of closing specific gaps using “closing”: (a) A sample from the LCP substrate with

poor print quality, (b) the basic mask using the thresholding method and (c) closing with an elliptical
kernel (a=11,b = 3).

For the COC substrates with printed Au ink structures, a morphology operation was
not needed and, therefore, not conducted.

2.2.2. Mask/Layout Overlay

Mask/layout overlay is an automatic feature for the specifically designed layout. In
order to analyze the microscopy image, the pixel to micrometer ratio must be known. For
some images, this is not the case. Hence, a scaling procedure was implemented, which uses
edge recognition of the four pads and calculates a middle line for each pad. Those middle
lines can be used to determine the rotation angle, width, height, and center of gravity for
the printed structure. By calculating those values for the mask and the layout, a scaling
factor can be determined to resize the mask to the layout dimensions. Overlaying the
mask and layout was achieved by aligning the two centers and rotating the images by the
determined rotation angle.

This overlay leads to a pixel based comparison of areas in which ink is not present
as specified (underwetting) and areas in which ink should not be present (overwetting).
Figure 6 shows examples of two printed structures, (a) for large underwetting areas and
(b) for large overwetting areas.

2.2.3. ROI Definition and Quality Assessment

For the layout image, the pixel to micrometer ratio is known because it is needed for
printing. Due to the scaling procedure, the mask and layout have the same resolution.
This allows a detailed analysis of wetting rates, pad geometry, track widths, track width
deviation and track edge quality. The total wetting rate is defined as the underwetting rate
(1) and overwetting rate (2) as follows:

. ixel t tain Fi 6
underwetting rate (uw.) = pixe cou‘n magenta in Figure 6 (a) )
pixel count of layout

_ pixelcount green in Figure 6 (b)
N pixel count of layout

2

overwetting rate (ow.)

These wetting rates indicate the wetting behavior of the whole layout for a specific
drop spacing and a specific track width. If layouts with different track widths are to be
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compared, it is best to use the ROI feature for the pads to always compare the same amount
of pixels. By specifying certain ROIs for pads and tracks, their widths can be evaluated as
mean value with standard deviation, actual/target comparison and minimal value. Because
this evaluation is based on the edge recognition feature, it is also possible to calculate a
mean value with standard deviation for each edge of a track and therefore evaluate the
spreading and the line quality. The ROI evaluation tools allow separate evaluation of all
tracks with 0° and 90° orientation, tracks with 45° and 135° orientation, all pads or a single,
user-defined rectangle for analysis. Defining the rectangle-shaped ROI was conducted
manually to allow the user to exclude certain features to obtain a defined and comparable
result. For the results in the following chapters, the pad wetting rates and actual/target
comparison of track width, regardless of their orientation, are compared.

(a) (b)

Figure 6. Examples for underwetting (a) displayed in magenta areas and overwetting (b) displayed

in green areas.

3. Results

For the previously described methods and experimental setup, the following results
were achieved. Wetting rates and actual/target comparison of track widths were evaluated
to determine the influence of each varied parameter set and the most suitable parameters
for the analyzed ink/substrate combination. Other parameters to determine the printing
quality, such as particle distribution and resistance, are not explicitly analyzed but are
briefly discussed where necessary.

3.1. Plasma Speed

Different plasma speeds were tested and analyzed according to their wetting rate, in
detail, overwetting and underwetting rate, as shown in Figure 7. The plasma speeds were
varied from 25 mm/s to 50 mm/s and 80 mm/s by DS 10 and a substrate temperature of
50 °C as fixed parameters. Increasing the plasma speed leads to shorter exposure times of
the substrate and, therefore, may lead to a different wetting behavior. Figure 8 shows the
results in a boxplot diagram.
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Figure 7. Fixed and varied process parameters for the investigation of plasma speed.
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Figure 8. (a) Box plot diagram of wetting rates including overwetting (Ow.) and underwetting (Uw.)
by varied plasma parameters (b) Example of a 50 mm/s treated L8 sample displaying function critical
narrowing inside the red circles.

By comparing the mean values of the wetting rates, an almost linear trend can be seen
between treatment times and wetting influence. In comparison to the other ow values,
the relatively high overwetting rate at 25 mm/s with a mean value of about 13% is to be
neglected since both 25 mm/s and 50 mm/s exhibit large ranges of overwetting rates.

For a plasma speed of 50 mm/s, an underwetting rate with a mean value of about 3%
was determined (see Figure 8a), which means a decrease of track width of approx. 22%.
Since high underwetting can lead to function critical narrowing (see Figure 8b) or shortages,
the lowest underwetting rate at 25 mm/s should be preferred to 50 mm/s or 80 mm/s.

3.2. Drop Spacing

The best parameters from Section 3.1 (25 mm/s, DS 10 and 50 °C) show a relatively
high overwetting rate. As given in Figure 9, the plasma speed of 25 mm/s and substrate
temperature of 50 °C were therefore set as fixed parameters for the investigation of the
drop spacing. By increasing the drop spacing, less amount of ink is printed on the substrate.
Thus, overwetting might be diminished since less ink needs less time to dry and, therefore,
cannot spread too wide.
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Investigation of
drop spacing

Fixed parameters
‘ 25 mm/s
50°C

Figure 9. Fixed and varied process parameters for the investigation of drop spacing.

Results of wetting rate for increased drop spacings of 10 um, 15 um and 20 um
in Figure 10a show that DS 20 leads to a significantly decreased ow while increasing
underwetting to a not usable rate. Underwetting for DS 10 and DS 15 is almost comparable;
although the mean value is reduced from 1.78% to 1.00%, the range and the outliners are in
the same magnitude. Doubling the drop spacing from DS 10 to DS 20 does not lead to a
halved overwetting rate, so there is no linear correlation between drop spacing and wetting.
DS 15 has a mean ow rate of about 13%, but in contrast to DS 10, it exhibits a much smaller
value range with an almost symmetrical normal distribution since the mean and median
values are about the same [35]. This could mean that the user can use this parameter set to
design layouts where the risk of short circuits between individual traces is minimized.

Track width actual/target comparison
_ Drop spacings

300 > Mean value

zaol

[ DS15 | [ DS20 ] 260/

Wetting rate
Drop spacings

¢ Mean value

2404
2204
200
180 |
T 160+ &
< 1404 %
© 120/ @ @ l%i
g i 100 | @
801
5 601

== a0/
= 20‘.[_ ps10 | [ DSi15 |

1 13 L5 L8 1 13 L5 L8

th [%]

—

Tr

(a) (b)

Figure 10. Boxplot diagrams of (a) Wetting rates, including overwetting and underwetting and
(b) track width actual/target comparison for different line widths by varied drop spacings.

How this fact actually transfers to specific layout designs and track widths is displayed
in Figure 10b by the actual/target comparison of the different track widths for DS 10 and
DS 15. Both parameters show an almost identical magnitude of spreading values, such
as the doubling in actual track width for L1 (100 pm track width). Wider tracks such as
L3, L5 and L8 reduce the spreading and the range of the track width for each parameter
set significantly. This shows the user that track widths below 300 um can only be used
with significant obstacles, such as high pitch and uncontrollable ink spreading in layouts.
In comparison from DS 10 to DS 15, DS 15 track widths have a very low interquartile
range (IQR), which describes the difference between the first and third quartiles of data.
Since DS 15 provides, therefore, a far better line quality with an almost symmetrical value
distribution, DS 15 was the better choice for further testing in the following investigation
of the substrate temperature.
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3.3. Substrate Temperature

The last tested parameter set was the substrate temperature. With the parameters
for the plasma treatment of 25 mm/s and a drop spacing of 15 pum found in the previous
analyses, the substrate temperatures of 50 °C, 55 °C and 60 °C were evaluated, as shown
in Figure 11. Higher substrate temperatures normally increase the drying and, therefore,
could control the spreading of the ink, which may result in better line quality.

Investigation of * Investigation of * Investigation of
plasma speed drop spacing substrate temperature

Fixed parameters Fixed parameters Fixed parameters

- DS10 - 25mm/s - 25mm/s
- 50°C - 50°C - DS15

Figure 11. Fixed and varied process parameters for the investigation of substrate temperature.

Analyzing the wetting rates in Figure 12a, a clear reduction of overwetting rates can
be noticed with increasing temperature, while the ranges stay comparable. Since ow. for
55 °C and 60 °C due to their similar mean, median and IQR are the same and underwetting
actually increases for 55 °C and then decreases again for 60 °C, no linear correlation for
substrate temperature and wetting behavior can be concluded.

Wetting rate Track width actual/target comparison
Temperatures Temperatures

<> Mean value =0 {> Mean value

280

240
220

=N
o ® O
o O o

°

g é@é Cho

Track width [%]
2888 ES

H
o

N
o

o

L1 L3 L5 L8 L1 L3 L5 L8 L1 L3 L5 L8

Ow.

. B 7.
: % | o
| % | 50°C ) | 55°C | | 60°C ]
=
Uw.

Uw. Ow. Ow. Uw.

(a) (b)

Figure 12. Boxplot diagrams of (a) Wetting rates, including overwetting and underwetting and

(b) track width actual/target comparison for different line widths with varying substrate tempera-
tures.

Further analysis of substrate temperatures by means of actual/target comparison
shows that an increase in temperature also leads to much lower spreading of tracks. L3
values ranges are both reduced under 120% of spreading, while L1 mean values are below
the acceptable threshold of <150%. Higher IQRs for L1 and L3 at 55 °C and 60 °C may be
due to the higher underwetting rate and its greater influence on small features for these
parameters.

This effect could be explained by comparing the actual images of the printed structures
in Figure 13a,b. While the 50 °C sample exhibits a closed homogeneous surface with some
overwetting effects on the track edges, the 60 °C sample shows straight track edges but
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exhibits areas with an inhomogeneous particle distribution. These areas may still achieve
some conductivity, but the whole track will not have the same resistance and the same
current carrying capacity. This could be validated by an exemplary resistance measurement,
which showed about four times higher resistance for a 60 °C sample compared to a 50 °C
sample. Since the inhomogeneous particle distribution is tracked by the image analysis
tool due to the displayed color difference of these areas, both the underwetting rate and
IOQR for L1 and L3 are higher for temperatures of 55 °C and 60 °C. With regard to L8 values,
it may be possible that the increased amount of ink leads to a better particle distribution at
higher temperatures.

(a) (b)
Figure 13. L3 probes for a substrate temperature of (a) 50 °C and (b) 60 °C.

One possible solution to fill areas with less particles is the printing of multiple layers.
As the ink in the experiments has a comparable low particle load of 10% and most appli-
cations require high conductivity anyways, multiple layers are an application-oriented
approach. The analysis of a single sample with four layers shows the tendency of improving
surface homogeneity with a lower underwetting rate while increasing overwetting. With
regard to the spreading of the tracks, a slightly higher spreading could be noticed.

4. Discussion and Conclusions

This article proposes a simple workflow based on image analysis, which could be
used to evaluate the print quality by quantifying the wetting behavior of inks deposited on
substrates by inkjet printing. The described process consists of inkjet printing of a specific
layout, optical analysis using microscopy, image analysis of inkjet printed structures using
self-developed software and a final evaluation method to determine the optimal printing
parameters manually.

The functionality of the workflow was demonstrated by inkjet printing a single layer
of Au ink on COC, followed by an analysis of different wetting rates and, where necessary,
track widths for different plasma treatments, drop spacings and substrate temperatures. The
finally found parameters are a plasma treatment with a traversing speed of 25 mm/s, a drop
spacing of 15 um and a substrate temperature of 60 °C. The analysis of the measured wetting
rates shows a nearly linear influence of varied parameters for different plasma treatments.
Changing the drying of the ink by influencing ink amount (DS) or substrate temperature
can further improve the wetting once a suitable plasma parameter is established. For
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the tested drying parameters, using the next possible drop spacing improves the wetting
behavior only by reducing the IQR of overwetting from 12.4% (DS 10) to 5.3% (DS 15) and
not the level of the wetting rates themselves. Therefore, a more stable process is established.
However, increasing the substrate temperature from 50 °C to 60 °C does not improve
the IQR for the overwetting rate but decreases the mean value from 13.4% to 7.4%. The
underwetting slightly increases from 1.00% to 1.7% with an IQR rise from 1.1% to 2.3%
and is still in an acceptable range, as track widths do not drop below their target widths.
These results make the substrate temperature a powerful parameter to improve the wetting
for the tested Au ink on COC. With regard to the track width, 800 pm and 500 um wide
tracks show the least spreading, about 100-110%, while smaller track widths exhibit wider
spreading (300 pm of about 110-120% and 100 um even up to about 130-165%). Hence, the
established final parameters are not ideal for smaller track widths.

Almost all of the measured values, in comparison to their absolute value, show
high IQRs, especially for smaller track widths. This may be a sign of not ideal droplet
placement since the effect rises at smaller feature sizes and improves on larger areas, where
a single drop does not influence the whole structure in the same amount. The established
workflow could therefore be used as an indirect measurement technique for drop placement.
Improvements in drop placement, such as optimizing waveform, firing voltage, nozzle
conditions, firing frequency or nozzle temperature, could lead to smaller IQR values for
the evaluated structures.

The gained final parameters are only to be seen as the geometrically best fit parameters
regardless of the structure’s actual resistance values. As already mentioned in Section 3.3,
particle distribution and, therefore, the resistance and the current carrying capacity are
critical features in printed electronics. Preliminary tests show a possible correlation between
resistance and underwetting rate and the influence of multiple layers on resistance and
wetting rates, but further investigations have to be carried out concerning this possibility.
The developed workflow could assist in the investigation of suitable parameters by making
sure that the geometrical features of the printed structure are comparable.

The results show that the proposed workflow is suitable for identifying and evaluating
each tested parameter variation that influences the wetting behavior without the usage of
complex measurement setups. The use of the actual/target comparison for the different
track widths has proven to be a useful feature to further evaluate the influence of the
wetting behavior and simultaneously give users a first impression of what their tested
parameter set is capable of with regard to the layout design. The presented paper might
be used as a first step in creating design kits of ink/substrate specific parameters. The
workflow might be adopted easily for different printers and be used as the first step in
quality control for industrial production. Since the software tool provides elements to
compensate for different image types, such as changed substrates or inks, the workflow
might also be used to compare different substrate/ink combinations to find the best possible
parameters to achieve a high print quality for specific applications.
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