











4.3. POLYIMIDE AS SUBSTRATE

Figure 4.15: Interaction effects plot of €2/sq. vs. Voltage, Duration, Frequency and
Count for 2 layered printed samples

starting from ~ 285 Volts, as concluded from the interaction plot. Though other

interactions effects intersect, they are not significant.

Samples printed with 3 layers of ink

The voltage and duration of the photonic pulse(s) have very similar effects (see
Figure 4.16) in samples with 3 and 2 layers of ink; lower resistances at ~285 Volts,
duration not having any significant effect on the resistance. The frequency however,
demonstrates opposite behavior. Lower resistance readings are seen at 15 Hz, and
higher resistance readings are seen at 45 Hz. The number of photonic pulses (Count)
exhibits a more pronounced curvature, with lowest resistance readings obtained at
4 pulse counts. The ANOVA for these plots is given in Table 4.7.

From Figure 4.17, it can be seen that a 1600 us photonic pulse duration combined
with a voltage of 285 volts interact to result in lower resistance values. When
a frequency of 17.5 Hz is used, it generates lower resistances at voltages up to
about 290 Volts. After ~290 volts, frequencies of 32.5 Hz and 25 Hz generate
lower resistance readings. Pulse duration and frequency have a similar interaction

effect, with 17.5 Hz generating lower 2/sq. resistance values up to ~1700 us, after
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Figure 4.16: Main effects plot of /sq. vs. Voltage, Duration, Frequency and Count
for 3 layered printed samples

which the frequency of 17.5 Hz gives higher €)/sq. resistance. Another significant
interaction effect that can be observed from Figure 4.17 is of frequency and count.
At the frequency of ~ 25 Hz, any pulse count generates similar €/sq. resistance
values, but at other frequencies, resistance changes significantly depending upon the

pulse count used.

Resistance of the tracks after curing

Samples with three layers of ink were seen to have consistently lower €2/sq. resis-
tance values. This can be attributed to the fact that three layered samples have
more nanoparticles deposition, hence there are more bridges formed between the
nanoparticles after photonic curing. It causes less hindrance to the flow of electrons,
thus lowering the resistance of the track. Resistances as low as 0.5125 /sq. were
achieved, which is excellent compared to the literature surveyed. The lowest resis-
tance recorded on samples with two layers was 0.79 €2/sq. The highest resistance
obtained were 1.0575 §2/sq. and 0.7025 €2/sq. for the two and three layered samples

respectively.
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Figure 4.17: Interaction effects plot of 2/sq. vs. Voltage, Duration, Frequency and
Count for 3 layered printed samples

4.3.2 Adhesion of the ink to the substrate

As discussed in Section 3.6, for samples that were dried in the oven, ink was ab-
lated off the substrate during photonic curing. The possible explanation for this
phenomenon can be provided by the coffee ring effect as explained by Deegan et
al. [10]. The rate of solvent loss in the ink is much slower in the oven compared
to evaporation using photonic pulses. Furthermore, loss at the fringes occurs at a
faster rate than at the center. As solvent loss from the fringes continues, solvent
from the center of the tracks flows to the edges, dragging along nanoparticles with
them. Thus nanoparticles concentrate at the edges and are sparse at the center of
the track. This is reinforced by the fact that after photonic curing, nanoparticles
can be seen only at the boundaries of the track. When high energy flashes are in-
cident on the oven dried samples, nanoparticles are ablated from the center of the
tracks owing to very low concentration, as seen in Figure 3.13(c). Loss of the solvent
using photonic pulses is about 200 times faster than oven drying, and discourages
the coffee ring effect.

An adhesion test was conducted on the samples following ASTM F2452 04

67
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Figure 4.18: (a) Peeling off 75 mm 25 mm pressure sensitive tape from the sample
(b) Sample and tape after adhesion test (¢) Sample before adhesion test (d) Sample
after adhesion test

(Standard Practice for Determining the Adhesion of Print Media Utilizing Mechan-
ical Stress). A 75 mm x 25 mm piece of pressure sensitive 3M Scotch Magic Tape
was adhered to the cured samples, leaving 50 mm un-adhered. To remove air bub-
bles at the interface between the tape and the substrate, the tape was laid down
with the flat of the finger. Then holding the un-adhered 50 mm end, the tape was
peeled off with a single swift motion at 90 degrees to the substrate (see Figure 4.18).

As seen in Figure 4.18, the ink has appreciable adhesion to the substrate. Though
some part of the track does come off with the tape, which are mostly the loose
nanoparticles on the surface, it has no significant effect on the electrical resistance

of the tracks.
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Chapter 5

Conclusion

This thesis examined the behavior of inkjet printed and photonically cured copper
nanoink on the substrates paper, PET and polyimide. The adhesion characteristics
and electrical resistance of copper nanoink were investigated, and new methods
to prepare them for optimum electrical conductivity were devised using statistical
models. Central composite designed experiments were conducted on paper and
polyimide to identify conditions for low resistance with a confidence of 95%.

Results demonstrate the effect of ink viscosity on the conductivity of printed
copper ink on paper, proving it to be a suitable substrate for printing when the ink
viscosity is high. Resistance of samples obtained on polyimide were satisfactory as
per the literature surveyed. But the statistical model for samples with three layers
of ink had a low R-square value, and was unable to identify factors that significantly
affect the response. Samples with two layers of ink, though, had a higher R-square
value and provided better prediction of the response and identification of signifi-
cant factors. Inkjet printed tracks on polyimide also exhibited good dimensional
accuracy and adhesion. PET was deemed to be an unsuitable substrate (untreated,
atmospheric plasma treated and a combination atmospheric plasma treatment and
hot fusion) for printing of Novacentrix copper paste and inkjet copper ink used in
this work.

Additionally, this work has determined printing parameters of Novacentrix inkjet
copper ink with the Dimatix DMP-2800 that will be useful for referencing in future
printing efforts of copper nanoink with similar viscosity and solid loading. Drop
spacing, voltage waveform applied to the piezoelectric printhead and printing orien-

tation for the Dimatix DMP-2800 printer have been investigated. Effects of addi-
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5.1. RECOMMENDATIONS FOR FUTURE WORK

tional material deposition on the resistivity of cured copper inks on polyimide have

also been presented.

5.1 Recommendations for Future Work

While printing Novacentrix inkjet copper ink on paper, it was observed that the
ink seeps in to the fibers of the paper. The plausible reasons for this could be the
low solid loading fraction and low viscosity of the inkjet ink. To improve these
properties, a polymer coated paper that will be able to resist disintegration from
photonic pulses could be used. The coating will be also helpful in preventing seeping
of the low viscosity inkjet ink into the substrate.

We have used atmospheric plasma to treat our PET substrates. Plasma treat-
ment lowers the surface energy of the PET and improves adhesion of the uncured ink
to the substrate. However, the adhesion degrades when the samples are photonically
cured. A different plasma system could be investigated to identify the causal factors
for this behavior. Other surface treatments like surface coating and printing on a
heated substrate could also provide solutions to the problem of adhesion between
the ink and the substrate.

The experiments designed for polyimide could not identify the significant factors
affecting the resistance of the samples with sufficient confidence, upon photonic
curing. Observations suggest that the volume of ink deposited on the substrate
plays a significant role in determining the response and should be studied in future

experiments.
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Appendix

Table 5.1: Design Table and experimental data of spherical central composite design
on Wausau 110 Ib paper

Std Run Point Blocks Voltage Dur. Freq. Pulse /sq.
Order Order Type (Volts) (us) (Hz) Count

26 1 0 255 1000 3.5 3.5 0.501428571
16 2 1 270 1200 5 5 0.557142857
46 3 1 240 1200 5 5 0.254285714
5 4 1 240 800 5 2 1.077142857
32 5 1 240 800 2 2 1.144285714
61 6 0 255 1000 3.5 3.5 0.187142857
18 7 -1 270 1000 3.5 3.5 0.094285714
11 8 1 240 1200 2 5 0.207142857
7 9 1 240 1200 5 2 0.185714286
3 10 1 240 1200 2 2 0.21

35 11 1 270 1200 2 2 0.104285714
4 12 1 270 1200 2 2 0.202857143
47 13 1 270 1200 5 5 0.105714286
44 14 1 240 800 5 5 0.287142857
14 15 1 270 800 5 5 0.107142857
54 16 -1 255 1000 3.5 2 0.182857143
12 17 1 270 1200 2 5 0.052857143
53 18 -1 255 1000 5 3.5 0.155714286
10 19 1 270 800 2 5 0.127142857
22 20 -1 255 1000 5 3.5 0.174285714
13 21 1 240 800 5 5 0.437142857
60 22 0 255 1000 3.5 3.5 0.155714286
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0.162857143
0.214285714
0.174285714
0.074285714
0.918571429
0.141428571
0.262857143
0.144285714
0.161428571
0.144285714
0.255714286
0.271428571
0.182857143
0.291428571
0.181428571
0.072857143
0.171428571
0.152857143
0.122857143
0.154285714

0.135714286
0.104285714
0.132857143
0.172857143

Std Run Point Blocks Voltage Dur. Freq Pulse /sq.
Order Order Type (Volts) (us) (Hz) Count

37 23 1 270 800 5 2

42 24 1 240 1200 2 )

62 25 0 255 1000 3.5 3.5

8 26 1 270 1200 5 2

1 27 1 240 800 2 2

27 28 0 255 1000 3.5 3.5

50 29 -1 255 800 3.5 3.5

o7 30 0 255 1000 3.5 3.5

59 31 0 255 1000 3.5 3.5

41 32 1 270 800 2 5

21 33 -1 255 1000 2 3.5

34 34 1 240 1200 2 2

25 35 0 255 1000 3.5 3.5

15 36 1 240 1200 5 d

29 37 0 255 1000 3.5 3.5

43 38 1 270 1200 2 5

2 39 1 270 800 2 2

31 40 0 255 1000 3.5 3.5

20 41 -1 255 1200 3.5 3.5

33 42 1 270 800 2 2

45 43 1 270 800 5 S 0.14
24 44 -1 255 1000 3.5 D

23 45 -1 255 1000 3.5 2

58 46 0 255 1000 3.5 3.5

95 47 -1 255 1000 3.5 D

52 48 -1 255 1000 2 3.5 0.2
6 49 1 270 800 3 2
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0.121428571
0.082857143
0.985714286
0.497142857

0.162857143
0.195714286
0.094285714
0.285714286
0.531428571
0.175714286
0.265714286

Std Run Point Blocks Voltage Dur. Freq Pulse /sq.
Order Order Type (Volts) (us) (Hz) Count

28 50 0 255 1000 3.5 3.5

49 51 -1 270 1000 3.5 3.5

36 52 1 240 800 5 2

48 53 -1 240 1000 3.5 3.5

9 o4 1 240 800 2 > 0.49
30 55 0 255 1000 3.5 3.5

17 56 -1 240 1000 3.5 3.5

51 o7 -1 255 1200 3.5 3.5

38 58 1 240 1200 5 2

40 59 1 240 800 2 5

56 60 0 255 1000 3.5 3.5

19 61 -1 255 800 3.5 3.5

39 62 1 270 1200 5 2

0.068571429

Table 5.2: Design Table and experimental data for 2 layered samples on polyimide

Std Run Point Blocks Voltage Dur. Freq. Pulse /sq.
Order Order Type (Volts) (us) (Hz) Count

1 1 1 270 1700 25 4 1.32

2 2 1 285 1700 25 6 1

3 3 1 292.5 1800  32.5 3 1.275
4 4 1 292.5 1800 17.5 3 1.2625
5 5 1 300 1700 25 4 1.655
6 6 1 277.5 1800  32.5 3 0.79

7 7 1 292.5 1800  17.5 5 1.4925
8 8 1 285 1700 40 4 0.995
9 9 1 300 1700 25 4 1.575
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Std Run Point Blocks Voltage Dur. Freq Pulse /sq.
Order Order Type (Volts) (us) (Hz) Count

10 10 1 285 1700 25 4 0.9875
11 11 1 292.5 1600  17.5 ) 1.4

12 12 1 285 1700 25 4 0.9125
13 13 1 277.5 1800  32.5 D 0.775
14 14 1 277.5 1800  17.5 3 1.745
15 15 1 285 1700 25 4 0.7675
16 16 1 277.5 1800  17.5 D 0.83
17 17 1 277.5 1800  32.5 > 0.94
18 18 1 285 1700 25 4 0.9875
19 19 1 292.5 1600  32.5 D 0.95
20 20 1 277.5 1800  17.5 d 0.855
21 21 1 285 1700 40 4 0.825
22 22 1 292.5 1600  17.5 3 0.9625
23 23 1 277.5 1800  17.5 3 0.9225
24 24 1 285 1700 25 4 0.8375
25 25 1 285 1500 25 4 0.83
26 26 1 277.5 1600  17.5 D 1.17
27 27 1 292.5 1600  17.5 D 1.05
28 28 1 300 1700 25 4 1.2925
29 29 1 285 1700 25 2 0.9175
30 30 1 292.5 1800  17.5 d 1.1475
31 31 1 277.5 1600  17.5 D 0.8475
32 32 1 292.5 1600  17.5 D 0.89
33 33 1 2775 1600 17.5 3 0.945
34 34 1 285 1700 25 6 1.29
35 35 1 285 1700 40 4 1

36 36 1 277.5 1600 32.5 3 1.44
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Std Run Point Blocks Voltage Dur. Freq Pulse /sq.
Order Order Type (Volts) (us) (Hz) Count

37 37 1 277.5 1800  17.5 D 1.06
38 38 1 292.5 1600  32.5 D 0.7825
39 39 1 2925 1600 325 3 0.99
40 40 1 292.5 1800  32.5 3 0.8125
41 41 1 292.5 1600  32.5 0.96
42 42 1 2775 1600 17.5 3 0.9675
43 43 1 270 1700 25 4 1.72
44 44 1 277.5 1800  17.5 3 0.955
45 45 1 292.5 1600  32.5 D 1.235
46 46 1 285 1700 10 4 1.3375
47 47 1 292.5 1800 325 5 1.795
48 48 1 292.5 1600  17.5 3 1.1975
49 49 1 277.5 1600  32.5 S 0.715
20 50 1 285 1700 25 4 0.91
51 51 1 285 1700 25 4 0.7525
52 52 1 292.5 1800  17.5 3 1.215
53 53 1 277.5 1600  32.5 D 0.65
54 o4 1 292.5 1800  32.5 D 0.7875
55 55 1 285 1700 25 2 0.65
56 56 1 277.5 1600  32.5 D 0.63
o7 o7 1 292.5 1800  32.5 d 0.655
58 58 1 292.5 1800  17.5 D 0.8775
59 59 1 277.5 1800  32.5 3 0.6875
60 60 1 285 1700 25 4 0.7125
61 61 1 292.5 1800  17.5 3 0.8425
62 62 1 285 1700 25 2 0.6375
63 63 1 285 1700 10 4 0.745
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Std Run Point Blocks Voltage Dur. Freq Pulse /sq.
Order Order Type (Volts) (us) (Hz) Count

64 64 1 270 1700 25 4 0.885
65 65 1 285 1700 10 4 0.85
66 66 1 285 1900 25 4 0.7525
67 67 1 285 1700 25 4 0.705
68 68 1 285 1500 25 4 0.6775
69 69 1 2775 1600 325 3 1.04
70 70 1 277.5 1800  32.5 3 1.05
71 71 1 292.5 1600 17.5 3 0.76
72 72 1 277.5 1600  32.5 3 1.03
73 73 1 285 1500 25 4 0.9225
74 74 1 285 1700 25 4 0.815
75 75 1 285 1700 25 4 0.785
76 76 1 292.5 1800  32.5 3 0.76
77 7 1 292.5 1600  32.5 3 0.73
78 78 1 285 1900 25 4 0.8325
79 79 1 2775 1600 17.5 3 0.8975
80 80 1 285 1900 25 4 1.0575
81 81 1 285 1700 25 4 1.005
82 82 1 277.5 1600 17.5 d 1.1175
83 83 1 277.5 1800  32.5 D 1.1525
84 84 1 285 1700 25 6 0.965

Table 5.3: Design Table and experimental data for 3 layered samples on polyimide

Std Run Point Blocks Voltage Dur. Freq. Pulse /sq.
Order Order Type (Volts) (us) (Hz) Count
17 1 -1 270 1700 25 4 0.755
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Std Run Point Blocks Voltage Dur. Freq Pulse /sq.
Order Order Type (Volts) (us) (Hz) Count

80 2 -1 1 285 1700 25 6 1.06
64 3 1 1 292.5 1800  32.5 3 1.1125
4 4 1 1 292.5 1800  17.5 3 1.045
46 ) -1 1 300 1700 25 4 0.955
7 6 1 1 277.5 1800  32.5 3 0.5125
12 7 1 1 292.5 1800  17.5 d 0.9625
22 8 -1 1 285 1700 40 4 0.72
74 9 -1 1 300 1700 25 4 0.815
83 10 0 1 285 1700 25 4 0.705
10 11 1 1 292.5 1600  17.5 D 0.885
28 12 0 1 285 1700 25 4 0.7125
71 13 1 1 277.5 1800  32.5 D 0.91
31 14 1 1 277.5 1800  17.5 3 1.295
26 15 0 1 285 1700 25 4 0.7525
39 16 1 1 277.5 1800  17.5 D 0.83
43 17 1 1 2775 1800 325 5 0.8525
56 18 0 1 285 1700 25 4 0.7125
14 19 1 1 292.5 1600  32.5 D 0.675
67 20 1 1 2775 1800 175 5 0.8425
78 21 -1 1 285 1700 40 4 0.7625
2 22 1 1 292.5 1600  17.5 3 0.5875
59 23 1 1 277.5 1800  17.5 3 0.69
27 24 0 1 285 1700 25 4 0.5675
75 25 -1 1 285 1500 25 4 0.675
9 26 1 1 277.5 1600  17.5 D 0.6875
38 27 1 1 292.5 1600  17.5 > 0.615
18 28 -1 1 300 1700 25 4 0.7325

82



Std Run Point Blocks Voltage Dur. Freq Pulse /sq.
Order Order Type (Volts) (us) (Hz) Count

79 29 -1 285 1700 25 2 0.71
40 30 1 292.5 1800  17.5 D 0.58
37 31 1 2775 1600 17.5 5 0.565
66 32 1 292.5 1600  17.5 D 0.79

1 33 1 277.5 1600  17.5 3 0.695
52 34 -1 285 1700 25 6 0.7875
50 35 -1 285 1700 40 4 0.6125
) 36 1 277.5 1600  32.5 3 0.9225
11 37 1 277.5 1800  17.5 D 0.71
42 38 1 292.5 1600  32.5 D 0.8125
62 39 1 2925 1600 325 3 0.805
8 40 1 292.5 1800  32.5 3 0.785
34 41 1 292.5 1600  32.5 3 0.5875
29 42 1 277.5 1600  17.5 3 0.625
73 43 -1 270 1700 25 4 0.8725
3 44 1 277.5 1800  17.5 3 0.8025
70 45 1 292.5 1600  32.5 D 0.9575
77 46 -1 285 1700 10 4 0.765
44 47 1 292.5 1800  32.5 d 0.9275
58 48 1 292.5 1600  17.5 3 1.1575
69 49 1 277.5 1600  32.5 5) 1.14
53 50 0 285 1700 25 4 0.915
25 51 0 285 1700 25 4 1.0525
32 52 1 2925 1800 175 3 0.675
41 53 1 277.5 1600  32.5 D 0.945
72 o4 1 292.5 1800  32.5 > 0.71
51 55 -1 285 1700 25 2 0.71

83



Std Run Point Blocks Voltage Dur. Freq Pulse /sq.
Order Order Type (Volts) (us) (Hz) Count

13 56 1 277.5 1600 32.5 D 0.7325
16 o7 1 292.5 1800  32.5 D 0.625
68 58 1 2925 1800 17.5 5 0.6175
63 59 1 277.5 1800  32.5 3 0.805
82 60 0 285 1700 25 4 0.6675
60 61 1 2925 1800 175 3 0.655
23 62 -1 285 1700 25 2 0.675
21 63 -1 285 1700 10 4 0.705
45 64 -1 270 1700 25 4 1.005
49 65 -1 285 1700 10 4 0.715
48 66 -1 285 1900 25 4 0.86
81 67 0 285 1700 25 4 0.99
19 68 -1 285 1500 25 4 0.915
33 69 1 277.5 1600  32.5 3 1.16
35 70 1 277.5 1800  32.5 3 1.035
30 71 1 2925 1600 17.5 3 0.9725
61 72 1 277.5 1600  32.5 3 0.875
47 73 -1 285 1500 25 4 0.595
55 74 0 285 1700 25 4 0.5925
o4 75 0 285 1700 25 4 0.695
36 76 1 292.5 1800  32.5 3 0.6425
6 7 1 292.5 1600  32.5 3 0.7375
20 78 -1 285 1900 25 4 0.8175
57 79 1 2775 1600 17.5 3 0.7475
76 80 -1 285 1900 25 4 0.7025
84 81 0 285 1700 25 4 0.725
65 82 1 277.5 1600 17.5 > 0.6825

84



Std Run Point Blocks Voltage Dur. Freq. Pulse /sq.
Order Order Type (Volts) (us) (Hz) Count

15 83 1 1 277.5 1800 32.5 D 0.8075
24 84 -1 1 285 1700 25 6 0.81

85



