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From the chart above, it can be inferred thét the devices fabricated by LbL/micro-
ring technique have higher sensitivity and lower degradation with time as compared to
other fabrication techniques. Whereas LbL based devices have shorter response and
recovery time as compared to other fabrication techniques.

5.3.3 Micro-ring Array for Vertical
Channel Field Effect Transistor

5.3.3.1 Design and fabrication of

vertical channel micro-

ring FETs
Step 1: Cleaning/Plasma Treatment

ITO coated PET flexible substrates were used for the fabrication of vertical FETs.
ITO film which acts as a drain for VFET had a thickness of 120 nm and resistivity of 10
Qcm, and PET had a thickness of 200 um. ITO patterned substrate was sonicated in DI
water, acetone and IPA for 10 min each. Finally the substrate was rinsed in DI water
followed by drying with nitrogen gun. After cleaning the ITO substrate the next
important step for improving the work-function of ITO is oxygen plasma treatment. Since
oxygen is electronegative; it renders negative charge to the surface of ITO which may
cause depletion of electrons below the ITO surface which induces band bending and
higher work function. Moreover the negative charge on the ITO surface helps layer-by-
layer assembly of PAH/PSS/PAH/SiO,. Thus the ITO substrate is loaded into the top
chamber of the Micro-RIE unit. After pumping down the chamber to 50 mtorr, the RF
power was turned on (200 W), establishing a pale blue plasma. The inlet valve on the
chamber was then slowly opened to let in a small stream of oxygen (5.5 sccm), turning

the plasma pink. The substrate was exposed to oxygen plasma for 3 min. After 3 min, the

RF power was turned off, the chamber was vented and the substrate was removed.
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Step 2: Source/Drain Insulation

Layer-by-layer self-assembly of 3 bilayers of PAH/PSS which act as precursor
layer were deposited on top of ITO surface. This was followed by 5 bilayers of PAH/SiO,
as shown in Figure 5.41. SiO, nanoparticles have a diameter of 7nm. The total thickness

of 8 bilayers is about 50 nm. These bilayers act as insulation between source and drain.

PET

Figure 5.41 Schematic of SiO; nanoparticle insulating layer over ITO
Step 3: Inkjet Printing of Micro-
rings for Source
Inkjet printed micro-rings of PEDOT-PSS were dispensed such that the space
between four drops is minimum. The thickness of the outer ridge is about 130 nm as

shown in Figure 5.42.
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Figure 5.42 Surface profile of inkjet printed micro-ring spacers

Figure 5.43 shows the schematic of the source patterning using micro-ring

spacers.

PEDOT (S)

PET

Figure 5.43 Schematic of micro-ring spacers for source

Step 4: RIE Plasma Etching of SiO;
The SiO; insulating layer between the micro-ring spacers was etched using SFs

plasma in RIE chamber. The parameters used for etching were 60sec at a pressure of
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100mTorr and power of 200W. Figure 5.44 shows the optical image of inkjet printed
micro-ring spacers before and after SF etching. It also shows that PEDOT-PSS rings act

as mask in blocking the insulation layer below them.

Unexpos Exposed
edto SF; to SF,
Micro-ring
Spacer
PEDOT-PSS

Figure 5.44 Optical image of SFs plasma etching on micro-rings and SiO,

Figure 5.45 shows the schematics of the SF¢ etched SiO, insulating layer between
the micro-ring spacers. The PEDOT-PSS micro-rings act as a mask for protecting the
insulation of source and drain. These spacers are used as channels and the thickness of

the insulating layer determines the channel length.

PET

Figure 5.45 Schematic of SF¢ etched SiO; for channel
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Step 5: Spin Coating of Channel
Material

A 0.6% solution of MEH-PPV in p-xylene is prepared by sonicating the solution
for more than 3 hrs at 50°C. Approximately 1 ml of MEH-PPV was dispensed on inkjet
printed micro-rings and spun at speed of 2500 rpm for 30 sec which resulted in 80 nm
thick film as shown by schematic in Figure 5.46. The samples are kept in vacuum for 15
hrs for complete drying of the MEH-PPV layer. Thus MEH-PPV acts as a channel
material for vertical FET. It is in contact with both source (micro-rings) and drain (ITO).

MEH-PPV exhibits ambipolar behavior, but it acts more as a p-type than n-type material.

MEH-PPV

R =

PET

Figure 5.46 Schematic of spin coated MEH-PPV channel

Step 6: Deposition of Gate Dielectric

Poly-4-vinylphenol (PVP) acted as gate dielectric layer. PVP was spin coated
from a solution of isopropyl alcohol which resulted in a thickness of 150 nm. Figure 5.47
shows the schematic of PVP dielectric layer on top of micro-rings and channel material.

The dielectric constant of PVP is about 2.8.
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PVP (Insulator)
P DO T

PET

Figure 5.47 Schematic of PVP gate dielectric on top of micro-rings and channel

Step 7: Gate Deposition

PEDOT:PSS was used as gate material for vertical FET. Four layers of
PEDOT:PSS were inkjet printed on top of the insulator. The thickness of gate was around
200 nm. Conductive epoxy was used to make contacts to gate. The other contacts to
source and drain were made by exposing them to oxygen plasma in RIE chamber. Figure

5.48 shows the schematic of the final device.

PEDOT (Gate)
PVP (G - Dielectric)
PEDOT (Source & Cathode)
, MEH-PPV (Channel)

' .—— PAHISIO, (S - D Insulation)
ITO (Drain & Anode)
PET (Plastic Substrate)

 PEDOT.PSS

PVP

R -

Figure 5.48 Schematic of final vertical FET device
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5.3.2 Results and Discussion

Figure 5.49 shows the output characteristics of the MEH-PPV based 3x4 array of
vertical channel FETs. The gate voltages were varied from 0 to -8 V.

In the linear region, the drain to source potential Vg, is smaller as compared to the
sum of the gate’s built-in potential Vy; and the gate to source potential Vg. Thus, the
drain current Iy, increases linearly with the drain voltage V4 according to equation 5.1
[118].

Z
I, =T G, =V, Vs 5.1)

where Z is the channel width, L is the channel length, i is the charge carrier mobility

(cm?/Vs), C; is the capacitance of the insulator per unit area, typically reported in nF/cm?,

V, is the applied gate voltage and Vr is the threshold voltage.

-1.20E-05
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-1.00E-05

-8.00E-06 -
-6.00E-06
4.00E-06 1

-2 00E-D6

0.00E+0Q0
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Figure 5.49 Iy — V4 characteristics of vertical channel polymer FET
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In the saturation region, increasing V4 beyond the cut-off point i.e., Vg > Ve
causes the channel to deplete more and more and Iy curves become saturated and the
drain current does not increase further. The saturation current Iy, can be described by
equation (5.2) [115].

Z
Idsal = Z :ucx (Vg - VT )2 (52)

However, with negative increase in gate voltage, the drain current decreases. This
1s opposite to the conventional p-channel MOSFET behavior. This phenomena is thought
to be due to the fact that when negative gate voltage is applied, the holes from
PEDOT:PSS source (micro-rings) get attracted on the upper part of the ring. Thus on the
lower part were the source and channel are in contact, the carrier concentration decreases,
which increases the depletion width. With increasing the negative gate voltage the
depletion width between source and channel keeps on increasing due to accumulation of
holes at the interface of PEDOT:PSS (source) and PVP (gate dielectric) and depletion of
holes at the interface of PEDOT:PSS (source) and MEH-PPV (channel) thus reducing the
drain current.

Figure 5.50 shows the Igu - V, characteristics of vertical channel FET. The
threshold voltage Vr, defined as the minimum gate voltage required to induce the channel
in a FET, is extracted from the intercept of a line drawn through the linear region of the
Idsat” 2 vs. V, plot shown in the inset of Figure 5.49. The values were calculated at drain
voltage of -10 V as the device shows saturation in this region. The point of intersection

gives the threshold voltage Vr of -7 V.
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Figure 5.50 Igsat — V characteristics of vertical channel FET (inset: Idsatl/ 2. Vo)

The mobility value was extracted from equation 5.2 where Z/L ratio is 5000, C; is
1.77x10°® F/em® for 150 nm gate-dielectric, gate voltage of OV and threshold voltage of -
7V. The extracted value of mobility is 4.6 x 10 cm?/Vs. The L,/ Lyg current ratio for the
device is of the order of 10°.

Thus, we have demonstrated vertical channel FETs using inkjet printed micro-
rings as source and the inner part of these overlapping micro-rings as channel. These
devices can be further optimized in future for integrated vertical FET with polymer
LEDs, where the electroluminescent channel material can act as inner layer between

anode and cathode. Thus gate can have control of the LED.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

A novel technique for fabricating micro-rings using drop-on-demand inkjet
printing has been developed by exploiting the coffee drop effect. The drop dispensing
parameters and substrate temperatures were modified to influence the drop dynamics in
such a way that using a same nozzle size both diameter and height of the micro-rings can
be varied. Micro-rings of diameter varying from 100 pm — 700 pm, and heights varying
from 100 nm - 10 pm have been realized.

Factors affecting the transport phenomena of the solute particles moving towards
the periphery of the micro-ring after being dispensed from the piezoelectric based drop-
on-demand inkjet printing system have been considered for the fabrication of the micro-
rings. Two dispensing techniques used for varying the diameter of height of micro-rings
are named as “instant dispensing” and “dispense and dry.” A model has been developed
in the form of flow chart and by varying the parameters such as frequency of drops
dispensed, substrate temperature and number of drops, desired micro-ring structures of
varying diameter and height can be fabricated.

These micro-rings found potential application in polymer light emitting diodes,

humidity sensor and vertical field effect transistors. The use of micro-rings as a single

111
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pixel micro-rings were used for improving the resolution of the polymer light emitting
diodes to more than 200 pixels/inch.

These micro-rings found potential application in polymer light emitting diodes,
humidity sensor and vertical field effect transistors. The single pixel micro-rings were
used for improving the resolution of the polymer light emitting diodes to more than 200
pixels/inch. Sensitivity enhancement and lower degradation was reported for
PEDOT:PSS based humidity sensor were micro-rings were used as a platform for layer-
by-layer self assembled nano films. These devices were compared to devices fabricated
by other techniques such as spin coating, inkjet printing and layer-by-layer assembly.
Micro-rings were also used during the fabrication of vertical channel field effect
transistors where outer periphery of the micro-rings was used as source and the inner
etched surface between the adjacent drops was used for channel material. The extracted
value of mobility was 4.6 X 10 em?/Vs and the Ion/ Loge current ratio for the device is of
the order of 10°.

MEH-PPV is an electroluminescent polymer which was used for both polymer
light emitting diodes and vertical channel field effect transistors. The degradation of this
polymer affects the device efficiency to a great extent. Thus degradation of this polymer

was studied using capacitance — voltage and ATR-IR spectroscopy.

6.2 Future Work
Besides further improving the performances of the devices such as, polymer light
emitting diodes, humidity sensors and polymer vertical channel field effect transistors,

micro-rings can be applied for various other applications in diverse fields.
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1. Micro-rings For Cantilever
Sensor Arrays

Micro-rings can be inkjet printed on top of cantilever and then made empty using
RIE. Each micro-ring (Figure 6.1) can then be filled with different sensing material. So
instead of using the fabricated device for the detection of single or few gases, many gases

or biomaterials can be detected simultaneously.

Micro-rings
Cantilever

Sensors

Figure 6.1 Micro-ring array for detection of various gases/biomaterials using
cantilever sensor

2. Concentric Micro-rings For
Polymer Field Effect
Transistors
Concentric micro-rings as shown in Figure 6.2 can be inkjet printed using both
techniques i.e. “instant dispensing” for the outer ring and “dispense and dry” for the inner
ring. Metal can be thermally evaporated to act as source and drain material, whereas

inkjet printed ring can act as channel. The width of the channel can be varied from 5 pm

to 50 pm.
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o Metal Evaporation

inkjet Printed
“Torus’

Figure 6.2 Concentric micro-ring for polymer field effect transistors
3. Micro-ring Wells for Cell

Culture Plates

Micro-ring array can be inkjet printed to form different cell culture plates as
shown in Figure 6.3. The cell culture plates available in the market are quite big and
expensive. They require a lot of media and cells and thus leads to wastage of cells and
media. Using the micro-ring plates, very less media and cells will be required. Moreover,
cells can be inkjet printed inside these micro-rings thus proving to be an inexpensive

technique.
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Figure 6.3 Cell culture plates a) commercially available b) inkjet printed in lab
4. Micro-ring Scaffolds For
Tissue Culture
Figure 6.4 shows the micro-ring arrays fabricated one on top of the other in the
form of scaffolds. These scaffolds can be used for the growth of tissues. The desired cells
can be cultured in these scaffolds and thus their growth can be controlled by the shape of

the scaffolds.

Figure 6.4 Inkjet printed micro-ring scaffolds for tissue culture

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(1]

(2]

[4]

(5]

[7]

[8]

(9]

REFERENCES

W. M. Moreau, Semiconductor Lithography, Plenum Publishing Co., New York,
(1988).

T. Theis, “The Future of Interconnection Technology,” IBM Journal of Research. &
Development. 44, no. 3, p 379 (May 2000).

T. Ueki, “Requirements for large-sized high-resolution TFT-LCDs,” Journal of the
Society for Information Display 9, no. 3, p 151-154 (2001).

F. Garnier, R. Hajlaoui, A. Yasser, and P. Srivastava, “All Polymer Field-Effect
Transistors Realized by Printing Techniques,” Science 265, p 1684-1686 (1994).

J. H. Burroughes, C. A. Jones, and R. H. Friend, “New Semiconductor Device
Physics in Polymer Diodes and Transistors,” Nature 335, p 131-137 (1988).

Z. Bao, A. Dodabalapur, and A. Lovinger, “Soluble and Processable Regioregular
Poly(3-hexylthiophene) for Thin Film Transistor Applications with High Mobility,”
Applied Physics Letters 69, p 4108 (1996).

A. Dodabalapur, L. Torsi, and H. E. Katz, “OrganicTransistors: Two-Dimensional
Transport and Improved Electrical Characteristics,” Science 268, p 270-271 (1995).

J.. M. Shaw and P. F. Seidler, “Organic Electronics: Introduction,”
IBM Journal of Research & Development 45, (2001).

K. F. Teng and R. W. Vest, “Application of ink jet technology on photovoltaic
metallization,” IEEE Electron Device Letters 9, p 591-595 (1998).

[10] M. Ghannam, S. Sivoththaman, J. Poortmans, J. Szlufcik, J. Nijs, R. Mertens, and

R. V. Overstracten, “Trends in industrial silicon solar cell processes,”
Solar Energy 59, p 101-110 (1997).

[11] B. J. De Gans, E. Kazancioglu, W. Meyer, U. S. Schubert, “Ink-jet Printing

Polymers and Polymer Libraries Using Micropipettes, ” Macromolecular Rapid
Communications 25, no. 1, p 292-296 (Jan 2, 2004).

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



117

[12] R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, and T. A. Witten,
“Capillary flow as the cause of ring stains from dried liquid drops,” Nature 389,
p 827-829 (1997).

[13] R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, and T. A. Witten,
“Contact line deposits in an evaporating drop, ” Physical Review E 62, p 756-765
(2000).

[14] R. D. Deegan, “Pattern formation in drying drops,” Physical Review E 61, p 475-
485 (2000).

[15] B. J. Gans and U. S. Schubert, “Inkjet printing of well defined polymer dots and
arrays,” Langmuir 20, p 7789-7793 (2004).

[16] C. K. Chiang, C. R. Fincher, Y. W. Park, A. J. Heeger, H. Shirakawa, E. J. Louis,
S. C. Gau and A. G. MacDiarmid, “Electrical Conductivity in Doped
Polyacetylene,” Physical Review Letters 39, p 1098-101 (1977).

[17] G. Konig and G. Stollhoff, “Why polyacetylene dimerizes: Results of ab initio
computations,” Physical Review Letters 65, p 1239-42 (1990).

[18] A. B. Kaiser, “Electronic transport properties of conducting polymers and carbon
nanotubes,” Reports on. Progress in Physics 64, p 1-49 (2001).

[19] S. K. M. Jonsson, W. R. Salaneck, and M. Fahlman, “Spectroscopy of
ethylenedioxy-thiophene-derived systems: from gasphase to surfaces and interfaces

found in organic electronics,” Journal of Electron Spectroscopy and Related
Phenomena 137-140, p 805—-809 (2004).

[20] S. Timpanaro, M. Kemerink, F. J. Touwslager, M. M. Kok, and S.Schrader,
“Morphology and conductivity of PEDOT/PSS films studied by scanning-tunneling
microscopy,” Chemical Physics Letters 394, p 339-343 (2004).

[21] J. Y. Kim, J. H. Jung, D. E. Lee, and J. Joo, “Enhancement of electrical conductivity
of poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate) by a change of
solvents,” Synthetic Metals 126, p 311-316 (2002).

[22] A. Aleshin, R. Kiebooms, R. Menon, A. J. Heeger, “Electronic transport in doped
poly(3,4-ethylenedioxythiophene) near the metal-insulator transition,” Synthetic
Metals, 90, p 61-68 (1997).

[23] A. F. Mott, E. Davis, “Electronic processes in non-crystalline materials,” Oxford:
Clarendon Press, (1979).

[24] P. J. Phillips, “Polymer crystals,” Reports on Progress in Physics 53, p 549-604
(1990).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



118

[25] M. P. Stevens, Polymer Chemistry: an Introduction 2nd edn (Oxford: Oxford
University Press), p 91 (1990).

[26] F. W. Billmeyer, Textbook of Polymer Science 3rd edn (New York: Wiley)
p 277 (1984).

[27] J. P. Pouget , Z. Oblakowski, Y. Nogami, P. A. Albouy, M. Laridjani, E. J. Oh,
Y. Min, A. G. MacDiarmid, J. Tsukamoto, T. Ishiguro, and A. J. Epstein,
“Recent structural investigations of metallic polymers,” Synthetic Metals 65, p 131-
40 (1994).

[28] D. Bloor, “Developments in Crystalline Polymers” Applied Science, p 151-93
(1882).

[29] K. Ehinger and S. Roth, “Non-Solitonic Conductivity in Polyacetylene,”
Philosophical Magazine B 53, p 301-20 (1986).

[30] S. Roth and H. Bleier, “Solitons in polyacetylene ,” Advances in Physics 36, p 385—
462 (1987).

[31] A. J. Heeger, S. Kivelson, J. R. Schrieffer, and W. P. Su, “Solitons in conducting
polymers,” Reviews of Modern Physics 60, p 781-850 (1988).

[32] S. Kivelson, “Electron Hopping Conduction in the Soliton Model of
Polyacetylene, ” Physical Review Letters 46, p 1344-8 (1981).

[33] A. J. Epstein, H. Rommelman, R. Bigelow, H. W. Gibson, D. M. Hoffmann, and
D. B. Tanner, “Role of Solitons in Nearly Metallic Polyacetylene,”
Physical Review Letters 50, p 18669 (1983).

[34] S. Stafstrom and J. L Bredas, “Evolution of the electronic structure of polyacetylene
and polythiophene as a function of doping level and lattice conformation, ”
Physical Review B 38, p 4180-91 (1988).

[35] Collin Pratt, Report on Conducting Polymers, 22™ Feb, 1996.

[36] J. Y. Kim, J. H. Jung D. E. Lee, J. Joo, “Enhancement of electrical conductivity of
poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate) by a change of
solvents,” Synthetic Metals 126, p 311-316 (2002).

[37] W. H. Kim, A. J. Ma'kinen, N. Nikolov, R. Shashidhar, H. Kim, Z. H. Kafafi,
Applied Physics Letters 80, p 3844-3846 (2002).

[38] S. K. M. Jo'nsson, J. Birgerson, X. Crispin, G. Greczynski, W. Osikowicz,
A. W.D. van der Gon, W. R. Salaneck, M. Fahlman, “The effects of solvents on the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



119

morphology and sheet resistance in poly(3,4-ethylenedioxythiophene)—
polystyrenesulfonic acid (PEDOT-PSS) films ,” Synthetic Metals 139, p 1-9 (2003).

[39] X. Crispin, S. Marciniak, W. Osikowicz, G. Zotti, A. W. D. van der Gon,
F. Louwet, M. Fahlman, L. Groenendaal, F. de Schryver, W. R. Salaneck,
“Conductivity, morphology, interfacial chemistry, and stability of poly(3,4-ethylene
dioxythiophene)-poly(styrene sulfonate): A photoelectron spectroscopy study,”
Journal of Polymer Science., 41, p 2561-2583 (2003).

[40] L. Groenendaal, F. Jonas, D. Freitag, H. Pielartzik, and J. R. Reynold,
“Poly(3,4-ethylenedioxythiophene) and Its Derivatives: Past, Present, and Future,”
Advanced Materials 12, p 481-494 (2002).

[41] Y. Cao, Y. G, C. Zhang, .R. Menon, A. J. Heeger, “Polymer light-emitting diodes
with polyethylene dioxythiophene—polystyrene sulfonate as the transparent anode,”
Synthetic Metals 87, p 171-174 (1997).

[42] H. W. Heuer, R. Wehrmann, S. Kirchmeyer, “Electrochromic Window Based on
Conducting Poly(3,4-ethylenedioxythiophene)-Poly(styrene sulfonate),” Advanced
Functional Materials 12, p 89-94 (2002).

[43] D. Nilsson, T. Kugler, P. O. Svensson, M. Berggren, “An all-organic sensor—
transistor based on a novel electrochemical transducer concept printed
electrochemical sensors on paper,” Sensors and Actuator, B 86, p 193-197 (2002).

[44] M. Chen, D. Nilsson, T. Kugler, M. Berggren, T. Remonen, “Electric current

rectification by an all-organic electrochemical device,” Applied Physics Letters 81,
p 2011-2013 (2002).

[45] F. Zhang, M. Johansson, M. R. Andersson, J. C. Hummelen, O. Inganas,
“Polymer Photovoltaic Cells with Conducting Polymer Anodes,” Advanced
Materials 14, p 662-665 (2002).

[46] C. S. Lee,J. Y. Kim, D. E. Lee, Y. K. Koo, J. Joo, S. Han, Y. W. Beag, S. K. Koh,
Synthetic Metals135-136, p 13—14 (2003).

[47] W. H. Kim, A. J. Ma'kinen, N. Nikolov, N. Shashidhar, H. Kim. Z. H. Kafafi,
“Molecular organic light-emitting diodes using highly conductive and transparent
polymeric anodes,” Proceedings of SPIE 4464, p 85-92 (2002).

[48] A. J. Ma'kinen, W. H. Kim, 1. G. Hill, R. Shashidhar, N. Nikolov, Z. H. Kafafi,
“Hole injection energetics at highly conducting polymer anode: small molecule
interfaces studied with photoemission spectroscopy,” Proceedings of SPIE 4464, p
172-177 (2002).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



120

[49] A. A. Argun, A. Cirpan, J. R. Reynolds, “The first truly all-polymer electrochromic
devices” Advanced Materials 15, p 1338-1341 (2003).

[50] Y. M. Lvov, “Thin film nanofabrication by alternate adsorption of polyions,
nanoparticles and proteins,” Lecture notes, Louisiana Tech University.

[51] M. P. Stevens, Polymer Chemistry, 3 Ed., Oxford University Press, New York,
p 412 (1992).

[52] D. Walton and P. Lorimer, Oxford Chemistry Primers 85, Polymers, p 135 (2000).

[53] M. R. Nateghi, A. Bagheri, A. Massoumi and M. H. Kazemeini, “Pyrocatechol
violet loaded polypyrrole modified glassy carbon electrode for the determination of
copper species by anodic stripping differential pulse voltammetry. Investigation of
effects of film morphology and counter ions on modified electrode characteristics,”
Synthetic Metals 96, p 209-212 (1998).

[54] T. Nagaoka, H. Nakao, T. Suyama, K. Ogura, M. Oyama and S. Okazaki,
“Electrochemical Characterization of Soluble Conducting Polymers as Ion
Exchangers,” Analytical Chemistry 69, p 1030-1037 (1997).

[55] T. Shimidzu, A. Ohtani, T. Iyoda and K. Honda, “Charge-controllable
polypyrrole/polyelectrolyte composite membranes: Part II. Effect of incorporated
anion size on the electrochemical oxidation-reduction process,” Journal of
Electroanalytical Chemistry 224, p 123-135 (1987).

[56] J. H. Buroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackey, R. H.
Friend, R. L. Burn, and A. B. Holmes, “Light-emitting diodes based on conjugated
polymers,” Nature 347, p 539-541 (1990).

[57] R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, R. N. Marks,
C. Taliani, D. D. C. Bradley, D. A. DosSantos, J. L. Bredas, M. Logdlung, and

W. R. Salaneck, “Electroluminescence in conjugated polymers,” Nature 397,
p 121 (1999).

[58] S. Forero, P. H. Nguyen, W. Brutting, and M. Schwoerer, “Charge carrier transport
in poly(p-phenylenevinylene) light-emitting devices,” Phys. Chem. Chem. Phys. 1,
p 1769-1776 (1999).

[59] L. Dai, B. Winkler, L. Dong, and A. W. H. Mau, “Conjugated Polymers for Light-
Emitting Applications,” Advanced Materials 13, p 915-925 (2001).

[60] C. H. Tan, A. R. Inigo, W. S. Fann, P. K. Wei, Y. S. Huang, G. Y. Perng, and
S. A. Chen, Org. Electron. 3, p 85 (2002).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



121

[61] A. R. Inigo, C. H. Tan, W. S. Fann, Y. S. Huang, G. Y. Perng, and S. A. Chen,
“Non-dispersive Hole Transport in a Soluble Poly(p-phenylene vinylene),”
Advanced Materials13, p 504-508 (2001).

[62] H. Miiller, F. Salhi and B. Blohorn, “Bis(arylidene)tetrathiapentalenes - Novel
building blocks for extended tetrathiafulvalenes and conducting polymers,”
Synthetic Metals 84, p 455-446 (1997).

[63] S. Shaked, S. Tal, Y. Roichman, A. Razin, S. Xiao, Y. Eichen, and N. Tessler,
“Charge Density and Film Morphology Dependence of Charge Mobility in Polymer
Field-Effect Transistors,” Advanced Materials15, p 913-916 (2003).

[64] Y. Shi, J. Liu, and Y. Yang, “Device performance and polymer morphology in
polymer light emitting diodes: The control of thin film morphology and device
quantum efficiency, ” Journal of Applied Physics87, p 4254-4263 (2000).

[65] J. Liu, Y. Shi, L. Ma, and Y. Yang, " Device performance and polymer morphology
in polymer light emitting diodes: The control of device electrical properties and
metal/polymer contact, ” Journal of Applied Physics 88, p 605-609 (2000).

[66] T. Q. Nguyen, R. C. Kwong, M. E. Thompson, and B. J. Schwartz, “Improving the
performance of conjugated polymer-based devices by control of interchain
interactions and polymer film morphology,” Applied Physics Letters 76, p 2454-56
(2000).

[67] T. Q. Nguyen, I. B. Martini, J. Liu, and B. J. Schwartz, “Controlling Interchain
Interactions in Conjugated Polymers: The Effects of Chain Morphology on Exciton-
Exciton Annihilation and Aggregation in MEH-PPV Films,” Journal of Physical
ChemistryB 104, p 237-255 (2000).

[68] R. F. Service, “Printable Electronics That Stick Around,” Science 304, p 675-678
(2004).

[69] E. 1. Haskal, M. Bu" chel, P. C. Duineveld, A. Sempel and P. van de Weijer,
“Passive-Matrix Polymer Light-Emitting Displays,” MRS Bulletin 27, p 864-868
(2002).

[70] R. K. Holman, S. A. Uhland, M. J. Cima and E. Sachs, “Surface Adsorption Effects
in the Inkjet Printing of an Aqueous Polymer Solution on a Porous Oxide Ceramic
Substrate,” Journal of Colloid and Interface Science 247, p 266-274 (2002).

[71] P. Calvert, “Inkjet Printing for Materials and Devices,” Chem. Mater. 13, p 3299
(2001).

[72] L. T. Creagh and M. Mc Donald, “Design and Performance of Inkjet Print Heads for
Non-Graphic-Arts Applications,” MRS Bulletin 28, p 807 (2003).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



122

[73] V. G. Shah and D. B. Wallace, “Low-cost Solar Cell Fabrication by Drop-on-
Demand Ink-jet Printing,” Proc. IMAPS, 37th Annual International Symposium on
Microelectronics Long Beach, CA, November 14-18, (2004).

[74] http://www.microdrop.de/
[75] Operation Manual, Microdrop-AutoDrop Sytem Version 5.50

[76] G. Decher, “Fuzzy Nanoassemblies: Toward Layered Polymeric Multicomposites,”
Science 277, p 1232-1237 (1997).

[771 Y. Lvov, G. Decher, H. Mohwald, "Assembly, structural characterization and
thermal behavior of layer-by-layer deposited ultrathin films of polyvinylsulfonate
and polyallylamine,” Langmuir 9, p 481-486 (1993).

[78] R.K. ller, “Multilayers of colloidal particles,” Journal of Colloid and Interface
Science 21, p 569-594 (1966).

[79] K. Ariga, Y. Lvov, T. Kunitake, "Assembling alternate dye-polyion molecular films
by electrostatic layer-by-layer adsorption,” Journal of American Chemical Society
119, p 2224-2231 (1997).

[80] Y. Lvov, K. Ariga, I. Ichinose, T. Kunitake, "Alternate assembly of ordered
multilayers of SiO; and other nanoparticles,” Langmuir 13, p 6195-6203 (1997).

[81] F. Hua, J. Shi, Y. Lvov, T. Cui, “Fabrication and Characterization of Capacitor
Based on Layer-by-Layer Self-Assembled Thin Films,” Nanotechnology 14,
p 453-457 (2003).

[82] M. Onoda, K. Yoshino, “Heterostructure electroluminescent diodes prepared from
selfassembled multilayers of poly(p-phenylene vinylene) and sulfonate polyaniline,”
Japanese Journal of Applied Physics 34, p 1.260-263 (1995).

[83] T. Cassagneau, J. Fendler, T. Mallouk, “Optical and electrical characterizations of
ultrathin films selfassembled from 11-Aminoundecanoic acid capped TiO;
nanoparticles and polyallylamine hydrochloride,” Langmuir 16, p 241-246 (2002).

[84] T. Cui, F. Hua, Y. Lvov, “Field Effect Transistor Fabricated via Electrostatic Layer-
by-Layer Nanoassembly,” IEEE Transactions on Electron Devices 51, p 503-507
(2004).

[85] J. H. Cheung, A. C. Fou and M. F. Rubner, “Molecular self-assembly of conducting
polymers,” Thin Solid Films 244, nol-2 Part 3, p 985-989 (1993).

[86] A.C. Fou, O. Onitsuka, M. Ferreira, M.F. Rubner and B.R. Hsieh, “Fabrication and
properties of lightemitting diodes based on self-assembled multilayers of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.microdrop.de/

123

poly(phenylene vinylene),” Journal of Applied Physics 79, nol0, p 7501-7509
(1996).

[87]1 M. Ferreira, J. H. Cheung and M. F. Rubner, “Molecular self-assembly of
conjugated polyions: a new process for fabricating multilayer thin film
heterostructures,” Thin Solid Films 244, p 806—809 (1994).

[88] M. Ferreira and M. F. Rubner, “Molecular-level processing of conjugated polymers.
1. Layer-by-layer manipulation of conjugated polyions,” Macromolecules 28, no21,
p 7107-7114 (1995).

[89] A. C. Fou and M. F. Rubner, “Molecular-level processing of conjugated polymers-
Layer-by-layer manipulation of in-situ polymerized p-type doped conducting
polymers,” Macromolecules 28, no. 21, p 7115-7120 (1995).

[90] W. B. Stockton and M. F. Rubner, “Molecular-Level Processing of Conjugated
Polymers-Layer-by-Layer Manipulation of Polyaniline via Hydrogen-Bonding
Interactions,” Macromolecules 30, p 2717-2725 (1997).

[91] H. Hong, D. Davidov, Y. Avany, H. Chayet, E.Z. Faraggi and R. Neumann,
“Electroluminescence, photoluminescence and X-ray reflectivity studies of self-
assembled ultra-thin films,” Advanced Materials 7, n0.10, p 846-849 (1995).

[92] J. H. Burroughes, C. A. Jones, and R. H. Friend, “New semiconductor device
physics in polymer diodes and transistors,” Nature 335, no. 6186, p 137-141
(1988).

[93] M. K.Ram, M. Adami, P .Faraci, C. Nicolini, “Physical Insight In The In-Situ Self
Assembled Films of Polypyrrole,” Polymer 41, p 7499-7509 (2000).

[94] Dean M. Delongchamp, M. Kastantin, P. T. Hammond, “High-Contrast
Electrochromism from Layer-By- Layer Polymer Films,” Advanced Materials 15, p
1575-86 (2003).

[95] J. Stepp, J. B. Schlenoff, “Electrochromism and electrocatalysis in viologen
polyelectrolyte multilayers,” Journal of Electrochemical Society 144, p L155-L157
(1997).

[96] D. DeLongchamp, P. T.Hammond, "Layer-by-Layer Assembly of
PEDOT/Polyaniline Electrochromic Devices," Advanced Materials 13, p 1455-1459
(2001).

[97] C. A. Cutler, M. Bouguettaya, J. R. Reynolds, “PEDOT Polyelectrolyte Based
Electrochromic Films via Electrostatic Adsorption,” Advanced Materials. 14, p 684-
688 (2002).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

124

G. Zotti, S. Zecchin, A. Berlin, G. Schiavon, G. Giro, “Multiple Adsorption of
Polythiophene Layers on ITO/Glass Electrodes and Their Optical,

Electrochemical, and Conductive Properties,” Chemistry of Materials 13, p 43-52
(2001).

B. L. Groenendaal, F. Jonas, D. Freitag, H. Pielartzik, J. R.Reynolds, “Poly(3,4-
ethylenedioxythiophene) and Its Derivatives: Past, Present, and Future,”
Advanced Materials 12, p 481- 494 (2000).

G. Xu, Z. Bao, and J.T. Groves, “Langmuir-Blodgett Films of Regioregular
poly (3-hexylthiophene) as field-effect transistors,” Langmuir, 16, p 1834-1841
(2000).

S. A. Carter, M. Angelopoulos, S. Karg, P. J. Brock, J. C. Scott, “Polymeric
anodes for improved polymer light-emitting diode performance,” Applied Physics
Letters 70, p 2067-2069 (1997).

T. Cui, G. Liang, and K. Varahramyan. “An Organic Poly(3,4-
Ethylenedioxythiophene) Field-Effect Transistor Fabricated by Spin Coating and
Reactive lon Etching,” IEEE Transactions on Electron Devices 50, no.5, p 1419-
1422 (2003).

K. H. Peter, K. Ji-Seon, H. Jeremy, F. Y. Sam, M. Thomas M, H. Richard,
“Molecular scale Interface Engineering for Polymer Light- Emitting Diodes,”
Nature 404, p 481-484 (2000).

D. Orata and D.A. Buttry, “Determination of Ion Populations and Solvent Content
as Functions of Redox State and pH in Polyaniline,” J. Amer. Chem. Soc 109, no.
12, p 3574 (1987).

The University of Chicago Chronicle, “Coffee stains,” 17, no. 3, (Oct. 23, 1997).

R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, and T. A. Witten,
“Capillary flow as the cause of ring stains from dried liquid drops” Nature 389,
p 827-829 (1997).

R. D. Deegan, “Pattern formation in drying drops,” Physical Review E 61, p 475-
485 (2000).

R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, and T. A. Witten,
“Contact line deposits in an evaporating drop” Physical Review E 62, p 756-765
(2000).

M. Toivakka “Numerical Investigation of Droplet Impact Spreading in Spray
Coating of Paper,” Spring Advanced Coating Fundamentals Symposium 2003.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

125

P.C. Duineveld, M. M. de Kok, M. Buechel, A. H. Sempel, K.A.H. Mutsaers, P.
Weijer, 1.G.J. Camps, E.I. Haskai, “Ink-Jet Printing of Polymer Light-Emitting
Devices,” Proceedings of SPIE, 4464, p 59-67 (2002).

P. Chandrasekhar, Conducting Polymers, Fundamentals and Applications.
Kluwer Academic Publishers, 1999.

C. W. Tang, S. A. VanSlyke, “Organic electroluminescent diodes,”
Applied Physics Letters 51, p 913-915 (1987).

V. Bulovic, P. E. Burrows, S. R. Forrest, “Polymeric and Molecular Organic
Light Emitting Devices” Semiconductors and Semimetals 64, p 255 (2000).

J. Kido,Y. lizumi, “Fabrication of highly efficient organic electroluminescent
devices,” Applied Physics Letters 73, p 2721-2723 (1998).

A. J. Campbell, D. D. C. Bradley, E. Werner, W. Brutting, “Deep level transient
spectroscopy (DLTS) of a poly(p-phenylene vinylene) Schottky diode,”
Synthetic Metals111, p 273-276 (2000).

H. Tseng, K. Peng, S. Chen, “Molecular oxygen and moisture as traps in poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylene vinylene]: locations and detrapping
by chain relaxation,” Applied Physics Letters 82, p 4086-4088 (2003).

J. C. Scott, J. H. Kaufman, P. J. Brock, R. DiPietro, J. Salem, J. A. Goitia,
“Impurity-controlled dopant activation: Hydrogen-determined site selection of
boron in silicon carbide,” Journal of Applied Physics79, p 2746-2748 (1995).

B. G. Streetman and S. Banerjee, “Solid State Electronic Devices”, 5 edition,
Pearson Education, 2002.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



