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Figure 4-11. Changes in ink film density resulting from the printing of a second Ag and dielectric layer 

Figures 4-12 and 4-13 show a comparison of the top and backsides roughness 

of the self-supported silver ink films. As shown, the roughness of the topside that was 

not in contact with the PET film is nearly twice as rough as the side of the film, which 

was in direct contact with the PET. 

Similar differences can be seen between the topside and backside for all the silver 

films in Figure 4-14. 
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The difference in surface topography of the top and bottom surface of the 

films is attributed to the difference in the smoothness of the surfaces in which they 

are in contact. That is, the topside is the side that contacts the printing screen, which 

is highly rough due to the mesh openings, as well as being exposed to the particulate 

matter within the environment during drying. In comparison, the bottom side of the 

ink film is in direct contact with the highly smooth (in relation to the printing screen) 

alginate coated PET film, and is protected from the environment during drying. This 

difference in roughness is apparent when looking at the differences between the top 

and bottom Sa statistical values. The Sa value depicts the average roughness averaged 

over an area (a 3D parameter).55,56,57  The differences in topography of the top and 

bottom side of the silver ink films shows an approximate 50% reduction in Sa values. 

Sample

Figure 4-14. Ability to produce highly smooth ink films by use of novel lift-off process to obtain self-supported ink films 

One of the main objectives of this research was to determine if the self- 

supported films (combined to create a capacitor) could be rolled without damage to 
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the ink layers, and capacitor itself. This objective was successfully achieved. A single 

stacked capacitor was successfully rolled without damage, as seen in Figure 4-15 

below. The gain in device flexibility, as a result of not having a carrier substrate layer 

is obvious. These encouraging results show promise for the use of this technology as 

a means to produce a supercapacitor by rolling a multi-stacked device or to minimize 

the size of a device to fit into tight places. 

CONCLUSIONS 

A process to produce self-supported electrically functional ink layers was 

demonstrated. Smooth alginate films (sacrificial substrates) were produced by casting 

a 6% solution of alginate containing 20% glycerol on weight of alginate onto a PET 

substrate. This film served as a sacrificial layer for enabling the lift-off of screen- 

printed thermal silver and UV dielectric ink films from a PET film after immersion of 

the printed samples in distilled water. The thickness of the alginate film was found to 

influence the thickness of the printed dielectric and silver layers, which impacted 

their electrical performance. The ability to produce self-supported films to determine 

the dielectric constant of a dielectric ink film at different thicknesses was 

demonstrated. This is further supported by the fact that the final dielectric 

measurement  of  3.81  (dielectric  constant),  calculated  from  the  final  capacitance 
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measurements (from the fully printed capacitor) was within range of what the 

manufacturer reported (which is about 4). This was also true for the silver inks’ sheet 

resistivity measurements, which was reported as being between 0.015-0.020 

Ohms/sq/mil. The  finding  of  the differences  from  the top to bottom  side  silver 

roughness is of great interest. The ability to use the bottom side of a printed layer for 

use when high smoothness is required may prove to be valuable. The density 

measurements also proved to be highly useful when calculating for the bulk resistivity 

and will be highly useful for any situation where accurate densities need to be 

accomplished. The ability to roll single stacked layer capacitor was demonstrated and 

holds promise for the creation of supercapacitors by this technique. 

Recommendations for Future Studies 
 

In order to be able to measure the mechanical properties of the self-supported films, it 

is recommended that much thicker ink layers (approximately 3-5 times thicker) be 

printed. A larger print pattern should also be printed to enable multiple strips to be cut 

from the same sample for testing. Further studies should be performed with different 

silver ink chemistries. Nano and flake water based inks applied by various print 

methods should be studied to determine if self-supported ink films can be produced 

from the same lift-off process by use of non-water soluble gums and resins. The 

measurement of ink film thicknesses should be accomplished using a smaller 

magnification objective allowing for more of the printed ink film to be viewed while 

testing. This should allow for more accurate measurement of the ink film thicknesses. 

It is also recommended that the Bruker instrument be equipped with a porous stone 

vacuum table allowing the samples to be held flatter to the surface (as many of the 

samples displayed some curl, which required them to be taped that was destructive to 

the samples). Creation of the alginate films should be accomplished in the confines of 

clean room to prevent the inclusion of particulate matter, which could cause pin 

holing if thinner layers are printed. For the same reasons, printing should also be 

performed in a clean room environment. In future studies, the addition of one 

dielectric layer should be added to either the top or bottom side of the capacitor 
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allowing for electrical properties to be measured while the device is rolled in order to 

see if this method would be useful as a means for producing a multi-stacked 

supercapacitor. 



38 	
  

 

REFERENCES 
 
 

 

1 Pech, D., Brunet, M., Taberna, P.L., Simon, P., Fabre, N., Mesnilgrenter, F., 
Conedera, V., Durou, H., “Elaboration of a Microsturctured Inkjet-Printed Carbon 
Electrochemical Capacitor”, J. Power Sources, p. 1266, (2010). 
2 Kang, J.Y., “Micropower for Medical Application, in: J.G. Webster (ed.), 
Encyclopedia of Medical devices and Instrumentation, Wiley, (2006). 
3 Kaempgne, M., Chan, C.K., Ma, J., Cui, Y. and Gruner, G., “Printable Thin film 
Supercapacitors Using Single-Walled Carbon Nanotubes,” Nano Letters, vol. 9, no. 5 
p. 1872, (2009). 
4 Miller, J.R., Simon, P., Science 321, pp. 651-652, (2008). 
5 Simon, P., Gogotsi, Y., Nat. Mater, pp. 845-854, (2008). 
6 Kaempgen, M., Ma, J., Gruner, G., Wee, G., Mhaisalkar, S.G., Appl. Phys. Lett., 90, 
pp. 264104-264106, (2007). 
7 Kiebele, A., Gruner, G., Appl. Phys. Lett. 91, pp. 144104-144107, (2007). 
8 Grande, L., Chundi, V.T., Wei, D., Bower, C., Andrew, P., Ryhanen, T., “Graphene 
for Energy Harvesting/Storage Devices and Printed Electronics”, Particuology, 10, 
pp. 1-8, (2012). 
9 Swanson, R. M., “Photovoltaics Power Up”, Science, Vol. 324 15, pp. 891-892, 
(2009). 
10 Sterken, T., Fiorini, P., Van Hoof, C., and Puers, R., “A Hybrid Electrodynamic 
Vibration Harvester”, Proceedings of Power MEMS, pp. 85-88, (2007). 
11 Challa, R.V., Prasad, M.G., Shi, Y., and Fisher, F.T., “A vibration energy 
harvesting device with bidirectional resonance frequency tenability”, Smart Mater. 
Struct., 17 015035 (2008). 
12 Linden, D., Handbook of batteries and fuel cells, second edition, McGraw-Hill, 
(1995). 
13 William Fortune Smith and Javad Hashemi, Foundations of materials science and 
engineering, (4th edition), McGraw-Hill, (2006). 
14 Ruddell, A., “Storage Technology Report, ST6: Flywheel”, (2003). 
15 Jog, M.G., Hydroelectric and pumped storage plants, Halsted Press, New York, 
NY, (1989). 
16 Jiang, Z., “Assessment and Market Analysis of Solid State Ultracapacitors”, 
Masters Thesis, MIT, September (2007). 
17 Bird, J., (2010), Electrical and Electronic Principles and Technology. Routledge. 
pp. 63–76, (retrieved 2013-07-5). 
18 Jayalakshmi, M., Balasubramanian, K., “Simple Capacitors to Supercapacitors-An 
Overview,” Int. J. Electrochem, Sci., 3, pp. 1196-1217, (2008). 
19 Halper, M.S., Ellenbogen, J.C., “Supercapacitors: A Brief Overview,” MITRE, pp. 
1-41, (2006). 
20 Butler, P., Miller, J.L. and Taylor, P.A., “Energy Storage Opportunities analysis 
Phase II Final Report, A Study for the DOE Energy Storage Systems Program”, 
Sandia Report, Sandia National Laboratories, p. 16, (2012). 



39 	
  

 
 

 

21 Winter, M., & Brodd, R.J., “What are batteries, fuel cells, and supercapacitors?” 
Chemical Reviews, 104 (10), 4245-4270. 
22 Helmholtz, H. von, Ann. Phys. (Leipzig), vol. 89 p. 211 (1853). 
23 Hsueh, C.H., Ferber, M.K., Composites Part A, 33,, p.1115, (2003). 
24 Pollet, M., Marinel, S., Desgardin, G., J., Euro. Cera. Soc., p. 119, (2004). 
25 Jayalakshmi, M., Balasubramanian, K., Int. J. Electrochem. Sci., 3, p. 1202-1210, 
(2008). 
26 Nagata, H., Won Ko, S., Hong, E., Randall, C.A. and McKinstry, S.T., 
“Microcontact Printed BaTiO3 and LaNiO3 thin Films for Capacitors,” J. Am. 
Ceram. Soc., 89, p. 2816, (2006). 
27 Keskinen, J., Sivonen, E., Jusso, S., Bergelin, M., Johansson, M., Vaari, A., 
Simolander, M., “Printed Supercapacitors on Paperboard Substrate,” Electrochimica 
Acta, 85, pp. 302-306, (2006). 
28 Lim, J., Kim, J., Yoon, Y.J., Kim, H., Yoon, H.G., Lee, S-N, Kim, J., “All-Inkjet 
Printed Metal-Insulator-Metal (MIM) Capacitor,” Current Applied Physics, 12, pp. 
e14-e17, (2012). 
29 Le, L.T., Ervin, M.H., Qiu, H., Fucjs, B.E., Zumino, J., and Lee, W.Y., “Inkjet- 
Printed Graphene for Flexible Micro-Supercapacitors,” 11th International Conference 
on nanotechnology, Portland WA, August 15-18, pp. 67-71, (2011). 
30 Hartman, A., Clemson University MS thesis, “Printing Carbon Nanotube Based 
Supercapacitors for Packaging,” (2011). 
31 Nair, R.B., Grigorenko, P., Novoselov, A., Booth, K., Stauber, T., et al. “fine 
structure constant defines visual transparency of graphene,” Science, 320 (5881), p. 
1308, (June 6, 2008). 
32 Blake, P., Brimicombe, P., Nair, R., Booth, T., Jiang, D., Schedin, F., et al., 
“Graphene-based liquid crystal device,” Nano Letters, 8 (6), pp. 1704-1708 
33 Liu, C., Yu, Z., Neff, D., Zhamu, A., & Jang, B.Z., “Graphene-based 
supercapacitor with an ultrahigh energy density,” Nano Letters, 10, pp. 4863-4868, 
(2012). 
34 Wang, Y., Shi, Z., Huang, Y., Ma, Y., Wang, C., Chen, M., et al., “Supercapacitor 
device based on graphene materials,” The Journal of Physical Chemistry C, 113(30), 
pp. 13103-13107 (2009). 
35 Yu, A., Roes, I., Davies, A., & Chen, Z., “Ultrathin, transparent, and flexible 
graphene films for supercapcitor application,” Applied Physics Letters, 96 (25), p. 
253105 (2010). 
36 Yu, D. & Dai, L., “Self-assembled graphene/carbon nanotube hybrid films for 
supercapacitors,” The Journal of Physical Chemistry Letters, 1(2), pp. 467-470, 
(December 22, 2009). 
37 Wu, Q., Xu, Y., Yao, Z., Liu, A., & Shi, G., “Supercapacitors based on flexible 
graphene/polyaniline nanofiber composite films,” ACS Nano, 4 (4), pp. 1963-1970, 
(2010). 



40 	
  

 
 

 

38 Han, Y., Ding, B., & Shang, X., “Preparation of graphene/polyprrole composites 
for electrochemical capacitors,” Journal of New Materials for Electrochemical 
Systems,” 13, pp. 315-320, (2010). 
39 Keskinen, J., Sivonen, E., Jusso;a, S., Bergelin, M., Johansson, M., Vaari, A., 
Simolander, M., “Printed Supercapacitors on Paperboard Substrate,” Electrochimica 
Acta, 85,, pp. 302-306, (2012). 
40 Le, L.T., Ervin, M.H., Qiu, H., Fucjs, B.E., Zumino, J., and Lee, W.Y., “Inkjet- 
Printed Graphene for Flexible Micro-Supercapacitors,” 11th International Conference 
on nanotechnology, Portland, WA, August 15-18, pp. 67-71, (2011). 
41 US Patent # 20060105492, Ogier, S.D., Veres, J., Yeates, S.G., (July 30, 2003). 
42 US Patent # 4861425, Greer, S.E., Howard Jr., R.T., (Feb. 28, 1990). 
43 US Patent# 201001163878, Broer, D.J., Haskal, E.I., McCoulloch, D.J., (April 29, 
2009). 
44 US Patent # 20100002402, Rogers, J.A., Huang, Y., (Dec. 1, 2010). 
45 E. Zeria , IdTechEx Printed Electronics USA Conference Presentation, San 
Francisco, CA, (2007). 
46 Western Michigan University Printed Electronic Short Course, Erika Rebrosova, 
Deposition Methods, (2011). 
47 Ingram, S., Screen Printing Primer, GATF Press, 2nd Ed., Sewickley, PA, (1999), 
pp. 1- 2. 
48 Ingram, S., Screen Printing Primer, GATF Press, 2nd Ed., Sewickley, PA, (1999), 
pp. 45-48. 
49 Faine, B., The Complete Guide to Screen Printing, North Light Books, Cincinnati, 
OH, (1989). 
50 Ingram, S., Screen Printing Primer, GATF Press, 2nd Ed., Sewickley, PA, p. 57, 
(1999). 
51     http://www.fusionuv.com/uv_bulbs.aspx. 
52http://www.firsttenangstroms.com/pdfdocs/OwensWendtSurfaceEnergyCalculation. 
pdf. 
53 Owens, D. K. and Wendt, R. C. Estimation of Surface Free Energy of Polymers. s.l. 
j. Appl. Polym. Sci, 13, pp. 1741-1747, (1969). 
54 http://www.visit-alginate.com/sodium-alginate-chemical-properties.html, (2014). 
55           http://www.olympus-ims.com/en/knowledge/metrology/roughness/3d_parameter/, 
(2014). 
56         www.bruker.com%2Fnc%2Fproducts%2Fsurface-analysis%2F3d-optical- 
microscopy%2Fcontourgtk%2Flearnmore.html%3Fcid%3D44106%26did%3D39905 
%26sechash%3Dfcf7f177&ei=xme1U5LIDtWkyASs8oHIAg&usg=AFQjCNG3B2u 
6jVZc2ShreG8f9cYH93SNsQ&sig2=wpc128bqTO3WpldEyQrtcA 
57       https://www.bruker.com/fileadmin/user_upload/8-PDF- 
Docs/SurfaceAnalysis/AFM/Webinars/Bruker-SlidingFriction-presentation- 
07262013.pdf 


