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Abstract

Purpose — The purpose of this paper is to analyze the individual steps during the printing of capacitor structures. The method of substrate preparation, the
obtained roughness of conductive and dielectric layers are examined. Moreover, the capacitances of the obtained capacitors were examined.
Design/methodology/approach — Surface roughness and microscopic analysis were used to assess the quality of printed conductive structures.
Two criteria were used to assess the quality of printed dielectric structures: the necessary lack of discontinuity of layers and minimal roughness. To
determine the importance of printing parameters, a draft experimental method was proposed.

Findings — The optimal way to clean the substrate has been determined. The most important parameters for the dielectric layer (i.e. drop-space,
table temperature, curing time and temperature) were found.

Research limitations/implications — If dielectric layers are printed correctly, most problems with printing complex electronic structures
(transistors, capacitors) will be eliminated.

Practical implications — The tests performed identified the most important factors for dielectric layers. Using them, capacitors of repeatable
capacity were printed.

Originality/value — In the literature on this subject, no factors were found which were responsible for obtaining homogeneous dielectric layers.
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1. Introduction dielectric) enables production of complete electronic structures.
In this way capacitors (Brodeala ez al., 2012), thin-film transistors
(Sowade et al., 2016), organic thin-film transistors, polymer light
emitted diodes (Liu ez al., 2003) or organic light-emitting diodes
(De Gans er al., 2004) can be produced.

One of the most important criteria for printed electronics is the
accuracy and uniformity of the printed layer (Perelaer et al.,
2010). Well-defined morphology has a positive effect on
electrical parameters and the potential application of technology
in commercial use, especially of multilayer structures. However,

The number of publications devoted to this subject indicates that
recently, the interest in organic and polymer electronic devices has
been growing. Various printing techniques such as screen or inkjet
printing are increasingly used to manufacture such devices (Liu et
al., 2003). Inkjet printing is an additive, digital, non-contact and
non-mask method in which very small, free-falling droplets of ink
from nozzle are generated and create the desired forms on a
substrate (Brodeala ez al., 2012; Felba, 2018). Substrates can be
both flexible (usually polymers) and rigid (e.g. glass, ceramic), but
the composition of inks define the properties of printed forms. If
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the parameters and repeatability of the printed layers depend on
many material and technological factors. The most important
seems to be material and method of substrate preparation,
viscosity and surface tension of the ink and printing parameters.
The assessment of inkjet printing repeatability by minimizing the
influence of uncontrolled factors was carried out by printing of
capacitor structures, as capacitor functionality largely depends on
the homogeneity of the dielectric layers.

It is known that the method of preparing the substrate surface
affects the value of the wettability (contact) angle (Yuan and Lee,
2013) (Figure 1). Relatively small contact angles (0 < 90°) are
characteristic to high wettability of substrates, while if the contact
angles are large (6 > 90°), it is characteristic to low wettability. In
fact, hydrophobic surfaces (with low wettability) allow better
control of the process enabling printing of more sophisticated
structures, but the adhesion of inkjetted materials to the surface is
better in the case of better wettability (Miettinen ez al., 2008).

2. Materials and methods

2.1 Printer

For printing, the Dimatix DMP 2831 inkjet printer,
manufactured by FUJI FILM, was used. The volume of the
droplet, crated in the drop-on-demand principle (ejects when
the pulse of voltage is applied) (ILe, 1998) is 10 pl. The printing
head has 16 squares of 21.5 microns nozzles which are located
in distance of 254 microns from each other.

The Dimatix 2831 printer resolution can support up to 5,080
DPI. Different resolutions were used during printing, which is
implied by changing the angle of the print head. This makes it
possible to change the print resolution, i.e. the distance between
ink droplets on the substrate. The substrate is mounted to a
temperature-controlled table called in this work as printer hotplate.

2.2 Substrate

The Melinex OD film from Du Pont (125 um thick) was used

as the substrate. This film was cleaned in three various ways:

1 washing using only deionized water in an ultrasonic
cleaner Branson 8210 for 10 min;

2 washing with deionized water in the ultrasonic cleaner for
10 min, pulling out and waiting to dry (about 20 min in
room temperature) and washing with isopropanol in
ultrasonic cleaner; and

3  washing with deionized water in the ultrasonic cleaner for
10 min, pulling out and waiting to dry (about 20 min in room
temperature) and washing with isopropanol in the ultrasonic
cleaner, pulling out and waiting to dry (about 20 min in room
temperature) and washing in acetone for 10 min.

2.3 Conductive layers

Conductive layers were printed using Ag nanoparticle ink (AX
JP-60n) from Amepox Microelectronics Ltd. The ink with the
viscosity of ~ 6 mPa-s contains about 20% silver particles with
dimensions of several dozen nanometers (Amepox, 2020). To

Figure 1 Contactangle
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choose the best printing parameters, the rectangle about length
3 mm and form of different width (100, 300, 500 and 1,000 xm)
were printed with resolution of 1,693.33 [dpi], which
corresponds to 15 um drop space. One nozzle and hotplate
temperature of 40°C were used for printing. The samples were
sintered at 150°C for 1h in the Binder GmbH convection oven.
Then the printing structures were observed using Zeiss
AxioVision optical microscopy. The print correctness criterion
was the best compatibility of the dimensions of printed forms
with the assumed printing parameters and homogeneity of the
printed layer. This allowed the selection of the best printing
parameters and substrate preparation.

2.4 Dielectric layers

The dielectric layer is one of the basic factors for the obtained
capacities of the electronic element. For creating this layer, several
different dielectric inks can be used in inkjet printing technology,
for example, polytetrafluoroethylene, poly(methyl methacrylate)
and poly(4-vinylphenol) (PVP) (Brodeala et al., 2012) or cross-
linked poly-4-vinylphenol (cPVC) which was used in this research.
The ink was made by the authors with poly(4-vinylphenol)
(PVP), poly(melamine-co-formaldehyde) methylated and
propylene glycol monomethyl ether acetate. The samples for
testing were printed in the form of squares (5 x 5 mm) and then
dried in Binder GmbH convection oven. Similar to conductive
layers, for testing the Melinex OD film from Du Pont (125 um
thick) was used as the substrate.

For finding the importance of printing parameters the
Taguchi method of experiment design (DoE) was proposed. This
method is based on statistical analysis in which the orthogonal
arrays are used (Ross, 1988). In the first steep of the
experiment, the four factors with two levels were proposed,
which needs L8 type the orthogonal array.

2.5 Contact angle and surface parameters
The contact angle (Figure 1) was measured using a goniometer
(PG-X Fobro System AB) with deionized water as a liquid.

The profile, as well as the roughness of conductive layers, was
measured for edge printed structure. The measuring process has
been performed on Precision Measurement System Form
Talysurf 120 made by Taylor Hobson Precision. The measuring
probe with a sphere with 2 um diameter was used. The profiles
of the sample were measured in the center and with a length of
2mm. The sample with a width of 1,000 um was used to
measure the surface profile. The analysis of the profiles of the
samples surface profiles was performed using Talysurf software.

The surfaces of printed dielectric layers were analyzed with the
use of optical profilometer Talysurf CCI Lite made by Taylor
Hobson. The samples have been illuminated by a halogen light
source with the objective glass with x 10 magnification. The
interference bands from the samples have been found. For the
interferometric analysis, the Z-axis travel has been set in the range
of the occurrence of the interference bands. The optical
profilometer software scanned the surface of the.

The analysis of the measured results of scanning of the
surface of samples has been performed on TalyMap Gold 5.0
software. At the beginning of analyzing, the surface was leveled.
Then, the roughness parameters from ISO 25178 group were
calculated. The analyzed region of the samples was set as the
center of the sample with size 2 x2 mm. Therefore, the
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analyzing process was recurrent for all samples. For assessing
the quality of printed structures, two criteria were applied;
necessary lack of layer discontinuity and minimum roughness
was tested using an optical profilometer.

2.6 Capacitors structure

Selected printing parameters of individual layers enabled inkjet
printing of the capacitor structure on the elastic substrate (Melinex
OD). In the first step, the Melinex OD was cleaned with using
cleaning way (b) which results from the analysis of the research
presented below. Next, the capacitor covers was printed with Ag
nanoparticle ink. Based on previous experience with printing
conductive structures, it has been proposed print resolution of
15 pm and temperature of printer hotplate of 40°C.

The size of the structure was 9 x 9mm. The covers were
sintering at temperature of 150°C for 1h in the Binder GmbH
over. In next step, the dielectric layers with using the best printing
parameters (obtained through DoE analysis) in the pattern of
square 15 x 15 mm were printed on the capacitor covers.

A few dielectric layers were printed one on top of the other; each
layer was dried at 130°C for 30 min in convection oven. Next, the
covers of size of 9 x 9 mm were printed with Ag nanoparticle ink.
Finally, the samples were sintered at temperature of 150°C for 1 h.

For the measure of the capacitor structure, a precision
multimeter Fluke 8846 A was used. Because the printed
structure was delicate and using typical probes may destroy the
surface of the capacitor cover, the special probes with rounded
tip and spring in the middle were used.

3. Results

3.1 Contact angle

The results of influence the substrate washing method on the
contact angle value are shown in Figure 2. To obtain the
results, five measurements were taken for each cleaning
method. Then, both, the mean vale and standard deviation was
calculated. It can be seen that the smallest contact angle was
obtained using the (c) way of surface cleaning; however, all
measured angles have values below 90°, which indicates that
after each method of surface preparation, it is rather
hydrophilic (in relation to the fluid used in tests). Considering
this, further tests are needed with the use of fluids forming
subsequent capacitor layers.

Figure 2 Contact angle of the substrates Melinex OD surface after
various cleaning methods
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3.2 Conductive layers

The surfaces of the printed and sintered conductive layers were
observed using Zeiss Axio Imager M2m microscope with the
magnification of x5. Analysis of the structure showed some
defects when the foils were cleaning in (a) and (c) ways.

In Figure 3(a), it can be seen that the most discontinuous layer
(there are cracks, loss of materials) was obtained for cleaning
method (a). This is probably owing to the fact that the surface of
the substrate was still dirty and the ink had not covered the
substrate evenly. This cleaning method [(a) way] is therefore
inefficient. Cleaning with deionized water and isopropanol [(b)
way] has cleaned the surfaces from dirt thus making the printed
layer uniform [Figure 3(b)]. There are no material losses in the
printed structure. Cleaning with deionized water, isopropanol
and acetone [(c) way] has worsened the printout [Figure 3(c)]. It
is likely that acetone may have damaged the substrate surface. As
a result, given the “most homogeneous layer” criterion, the way
(b) cleaning the substrate was established as the best.

The second criterion is also important — repeatability and
compliance of the printed layer dimensions with the designed
model. To evaluate this condition, stripes of different width were
printed. According to the model, this width was 100, 300, 500 and
1,000 wm. After printing and sintering, each sample was
measured at five random locations and dimensions were
compared to the model. The results as the deviation of printed
structures size vs cleaning way are shown in Figure 4. It can be
seen that in any case the smallest deviations occur with cleaning in
(a) way. This confirms the observation (Miettinen ez al., 2008) that
a larger contact angle (Figure 2) allows better control the
dimensions of printed structures. The deviations of size in case of
cleaning in (b) and (c) ways are similar and higher than in the case
(a). However, what is obvious, the relative dimensional inaccuracy
decreases as the size of the structure increases. So, with larger
structure sizes, there may be a more important criterion “most
homogeneous” layer and one should choose (b) cleaning way.

For a different kind of substrate cleaning, the roughness of
printed and sintered layers was measured. The results are shown in
Figure 5. It can be seen that for (a) cleaning way [Figure 5(a)] the
structure is very uneven and for (b) and (c) methods [Figure 5(b)
and 5(c)] — more uniform. However, this assessment is very
subjective; therefore, a thorough analysis of the surfaces was made.

For the comprehensive analysis of the surface structure,
according to ISO 4287, different roughness indicators were taken
into account. The results were obtained by measuring five times
the same sample at different locations. In the analysis, the
“coffee-ring” effect was omitted because it was considered to
introduce too big errors into the results, and the authors wanted
to analyze the surface of the printed structure, not the edges. The
results are presented in Figure 6, wherein the criterion should be
the most even surface.

Figure 3 Printed conductive structures on substrates with different
cleaning ways
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Figure 4 Absolute value of the difference of printed lines relative to
the pattern dimensions of the Ag ink deposition on the Melinex OD
substrates
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Analyzing the surface roughness according to various
indicators, it is not possible to conclude which of the applied
methods of cleaning the substrate (a, b or c) is the best.
However, some regularity can be observed if the standard
deviation is analyzed; for almost all indicators, this value is the
smallest for the method (b). This means that the repeatability
of the printed surface shape and thickness is the best with this
cleaning method. Taking this into account, and the previous
conclusion (Figure 3), it has been assumed that cleaning in (b)
way is the most optimal one.

3.3 Dielectric layers

Examples of surface dielectric layers profile printed on
Melinex OD substrates are presented in Figure 7. Figure 7(a)
and 7(b) shows respectively, a homogeneous surface and a
heterogeneous structure in which the discontinuities of the layer
can be seen. Analyzing Figure 7, it can be noticed that the

Figure 5 (a) Surface profile of printed structure cleaning in (a) way; (b) surface profile of printed structure cleaning in (b) way; and (c) surface profile of

printed structure cleaning in (c) way
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homogeneous structure characterized by continuous and even
coverage of the substrate by ink, while the heterogeneous is
unevenly covered, the ink did not cover the whole given area.

The parameters used to make a homogenous sample are drop
space: 5 um; printer hotplate: 30°C; time curing: 30 min and
temperature curing: 130°C. The parameters used to make a
heterogeneous sample are: drop space: 15 um; printer hotplate:
50°C; time curing: 30min and temperature curing: 110°C.
Analyzing Figure 7, it was noticed that the homogeneous structure
(Figure 7a) is covered with ink exactly, while the heterogeneous
[Figure 7(b)] structure is unevenly covered, the ink did not cover
the whole given area.

Technological parameters given above indicate in which
conditions it is possible to make a better layer, but they do not
propose optimal conditions resulting from the combination of
parameters. In addition, it is not known whether an important
technological parameter has been omitted. For answers to these
questions, the DoE as the fractional factional experiment,

Figure 6 Full roughness analysis of conductive layers
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according to Taguchi method (Ross, 1988), was proposed.
Technological parameters were treated as experiment
controllable factors which has two levels. The factors and levels
were denoted as follows:

« A:dropspace, (Al: 5 um; A2: 15 um);

« B: printer hotplate (B1: 30°C; B2: 50°C);

« C:time curing (C1: 40 min; C2: 30 min); and

« D:temperature curing (D1: 110°C; D2: 130°C).

According to L8 orthogonal array, eight tests were
performed, and each printed surface was analyzed three
times in different areas. The results of the experiment were
transformed by ANOVA. From ANOVA table (Table 1), it
can be seen can see that only A factor with 99% and two
factors with 95% confidence level (B and C) are important.
Calculating main factorial effects and taking into account
the criterion “the lower the better” Al, Bl and C2, i.e.
hotplate temperature: 30°C, drop space: 5 um and time
curing: 30 min, were selected as more favorable. These
values will be used in the next steps of searching optimal
technological and material parameters. The factor of
temperature curing is not important. Its participation is
very little; therefore, it was not included in further studies.
The error rate is 31.58%, which is acceptable value for the

Table 1 ANOVA table
Factor SS v ' SS’ P (%) F

A 9.76 1 9.76 946 4.22E-01 4221 31.74"~
B 3.01 1 3.01 270 121601 1207 9.79*

C 3.48 1 348 317 14101 1414 1130
e 6.15 20 031 7.08 3.16e-01  31.58 -
Total 2240 23 - - - 100 -

Notes: (SS is the sum of squares; v is degrees of freedom; V is variance;
SS\ is model sum of squares; P contribution the factor; % is percentage
contribution; F is Fisher—Snedecor test (F test); *** is factors with 99%
confidence level; ** is factors with 95% confidence level)
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experiment and indicates that factors with a high level of
significance were not omitted in the experiment.

3.4 Capacitors structure

Further studies have shown that repetitive capacities of 0.4
nF occur when printing five layers and 0.25 nF when
printing ten layers (Surmiak, 2019) of cPVP.

4. Conclusion

The method of preparing the substrate affects the value of the
base’s wettability angle (Figure 2). The largest angle occurs
when using only deionized water. The deviation of the printed
structure is the least expensive for this cleaning method
(Figure 3). However, there are discontinuities in the structure.

Using deionized water alone to clean the surface of the
substrate does not remove all impurities owing to the poor
solubility of organic compounds. It is therefore recommended
to clean the substrates with additional cleaning agents. Studies
have confirmed that the use of isopropanol to clean the surface
improves the quality of the obtained prints.

Analysis of the printed structure using a mechanical
profilometer showed high surface roughness and lack of
homogeneity. It is, therefore, necessary to use a compromise
between the accuracy and the consistency of the printed
structure. The smaller deviation occurs in wider shapes.

The DoE method indicated the most important parameters when
printing dielectric structures. For example, the temperature of the
hotplate was observed on the roughness of the printed surface.

Despite the fact that the most important parameters are
indicated on the value of dielectric surface roughness (and
discontinuities), it is necessary to print several layers of dielectric.
Research has revealed that capacitors printed with one or even
two layers of cPVP are immeasurable. There is a short circuit
between the silver capacitor wraps. This is unacceptable if the
printed layers of the capacitor structures are repeatable.

Accurate analysis of dielectric layers enabled the printing of
repeatable structures of capacitors. Capacitor structures are the
basis for printing transistors.
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