
LDW Small-Molecule Organic Luminophores for 
OLED and OPV device fabrication 

A Thesis 

Presented to 

The Department of Physics and Astronomy 

Swarthmore College 

Ethan R. Deyle 

March, 2007 





Acknow ledgements 

I would like to foremost thank Professor Craig Arnold and Nick Kattamis for their 
invaluable assistance in the research described here-in, as well as Professor Catherine 
Crouch for advising me both in science and in writing. I would like to thank Professor 
Peter Collings and Professor Robert Deyle for their insights into the writing of this 
work. I would like to thank the other graduate students in Professor Arnold's group 
for all the little questions they answered day-to-day that let me complete this re
search. I also would like to thank Professor Stephan Bernhard and Neal McDaniel for 
providing the the luminophore samples and giving explanation and advice whenever 
my knowledge of chemistry fell short. Finally, I would like to thank Corey White for 
the fluorescent imaging work he did. 





Table of Contents 

Chapter 1: Introduction 

Introduction ...... . 
1.1 How a PV Cell Works 
1.2 Traditional PV Devices. 
1.3 Organics......... 
1.4 Interfaces ....... . 
1.5 Printing Interdigitated Structures 
1.6 Outline. 

References . . . 

Chapter 2: Theory 

Theory ....... . 
2.1 Liquids and Surfaces 

2.1.1 Droplet Shape . 
2.1.2 Surface Wetting. 
2.1.3 Determining Contact Angle 

2.2 Drying processes .. 
2.2.1 Coffee Rings. 

References . 

Chapter 3: LDW . 

Laser Direct-Write 
3.1 Laser/Matter interactions 

3.1.1 Ablation...... 
3.1.2 
3.1.3 
3.1.4 
3.1.5 
3.1.6 

References . 

LDW in brief . . . 
LIFT Deposition Process . 
Previous Work with LIFT 
LDW Apparatus ..... 
Droplet Diameter Models 

1 

1 
3 
6 
6 
8 
9 

12 

15 

17 

17 
18 
19 
22 
22 
25 
26 

29 

31 

31 
32 
33 
34 
34 
36 
39 
40 

45 



Chapter 4: Methods 

Methods ....... . 
4.1 Donor Ink . . . 

4.1.1 Choice of Solvent 
4.1.2 Preparation .. . 

4.2 Laser Parameters ... . 
4.2.1 Laser Energy Calibration. 

4.3 Donor Slide ........... . 
4.3.1 Donor Substrate Preparation 
4.3.2 Spreading the Donor Ribbon. 

References . 

Chapter 5: Results 

Results ....... . 
5.1 Droplet characterization 

5.1.1 Deposition Regimes . 
5.1.2 White Light Interferometer 
5.1.3 Size vs. Energy .. . 

5.2 Pad Fabrication ...... . 
5.2.1 Nitro-benzyl Alcohol 
5.2.2 Titanium 
5.2.3 Polyimide . . 

5.3 Luminescence .... 
5.3.1 Spectral Shift 
5.3.2 Drying 

5.4 Other Salts 

References . . . . . 

Chapter 6: Discussion 

Further Discussion. . . 
6.1 The Ring .... 
6.2 Viability of Technique 

6.2.1 Droplet Size Inconsistency 
6.2.2 Drying .......... . 
6.2.3 Choice of LIFT Mechanism 

6.3 Further Work 

References . . . . . . 

Chapter 7: Conclusion 

47 

47 
48 
48 
49 
50 
50 
51 
51 
53 

55 

57 

57 
58 
59 
63 
64 
67 
68 
70 
70 
72 
72 
73 
77 

81 

83 

83 
84 
85 
85 
86 
87 
88 

91 

93 



Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 93 





List of Figures 

1.2 Schematic of a LIFT deposition. Image courtesy of Dr. Craig Arnold. 9 
1.3 Proposed device fabrication. Image courtesy of Dr. Craig Arnold. 10 
1.4 Ir(ppY)2(dtb-bpy)+(PF6-), the luminophore we study. Image courtesy 

of Neil McDaniel. 11 

2.1 Geometry of a spherical cap 19 
2.2 Contact angle of a liquid droplet resting on a surface 23 
2.3 Fluorescence of a dried droplet of the Slinker complex, after being 

deposited in suspension of DMSO using MAPLE-DW. Image courtesy 
of Corey White. 25 

2.4 Phase separation in evaporating droplet. 26 

3.1 Schematic of laser-induced forward transfer. (a) Traditional LIFT. (b) 
LIFT with a dynamic release layer (DRL). (c) Matrix-assisted pulse 
laser evaporation direct-write. [4] 37 

3.2 LDW Apparatus. Image courtesy of Dr. Craig Arnold. 39 
3.3 The Princeton University crest, printed using single fluorescing E. coli 

bacterium. Image courtesy of Nick Kattamis. . 40 
3.4 Deposited volume depicted in two dimensions 42 

5.1 Slinker complex in NBA deposited using titanium 60 
5.2 Slinker complex in NBA deposited using MAPLE-DW at different en-

ergIes. 60 
5.3 Slinker complex in NBA deposited using polyimide at different laser 

energIes 61 
5.4 Side imaging of a LIFT deposition. Initially, in (a) the material surface 

deforms continuously, but then in (b) the surface ruptures before the 
volume can pinch off cleanly. . 62 

5.5 White-light interferometer image of a single droplet of Slinker compelx 
dissolved in NBA deposited using MAPLE-DW at 2 JLJ. The three 
dimensionality of the object is shown using a grayscale. 63 

5.6 Mean droplet size vs. laser energy for the Slinker in NBA deposited 
with a polyimide layer. 64 

5.7 Slinker complex in NBA deposited using titanium at 8 JLJ. 65 
5.8 Mean droplet size vs. laser energy for the Slinker dissolved in NBA 

deposited with MAPLE-DW. 66 



5.9 Slinker in NBA deposited with Ti absorbing layer. Though deposi
tions were made at higher energies, there was no longer a meaningful 
interpretation of "spot size," so these measurements are omitted . .. 67 

5.10 Plot of the log of energy as a function of droplet diameter for deposition 
of the Slinker complex dissolved in NBA using a titanium DRL 68 

5.11 Slinker in NBA deposited at 3j.1} by direct absorption ..... 69 
5.12 Slinker in NBA deposited at 5j.1} by direct absorption ..... 70 
5.13 Slinker in NBA deposited at 20j.1} , 50j.1m spacing using a polyimide 

thick film absorbing layer. . . . . . . . . . . . . . . . . . . . . . . .. 71 
5.14 Spectra of stimulated emission of dried MAPLE-DW depositions of 

Slinker in NBA. The energies displayed were made with a faulty en
ergy meter, but the relationships between energies are still valid, even 
though the absolute values are wrong. Data courtesy of Corey White 73 

5.15 Fluorescence of a dried droplet of the Slinker complex, after being 
deposited in suspension of DMSO using MAPLE-DW. Image courtesy 
of Corey White. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 74 

5.16 Fluorescence of a dried droplet of the Slinker complex, after being 
deposited in solution of NBA using MAPLE-DW. N.B. the difficulty in 
understanding what the image represents in the absence of luminescence 74 

5.17 Fluorescence of two dried droplets of the Slinker complex, after being 
deposited in solution of NBA using MAPLE-DW. In (a) we see a faint, 
but noticeable "coffee ring," but in (b) we see no ring. Image courtesy 
of Corey White. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 75 

5.18 Fluorescence images of several droplets of Slinker in NBA deposited 
using MAPLE-DW at several energies after NBA was dried away. Ex-
citation wavelength was 480 nm. ............ 75 

5.19 Aceton and Slinker solution deposited by spin coating. 76 
5.20 Ru(Ir) complex in NBA deposited using titanium . . . 78 

6.1 Deposition of Slinker complex dissolved in NBA using MAPLE-DW, 
laser energy 3 j.1J. A ring of material is present around each droplet.. 84 



Chapter 1 

Introduction 



2 Introduction 

Many have labeled global warming as the "crisis of the century" or the "great 

work" posed to my generation. Though response has been slow despite overwhelming 

evidence that immediate action is imperative, a great body of research has already 

been conducted motivated or justified by global warming mitigation. The research 

presented in this thesis is no different. The combustion of fossil fuels for energy lies 

at the center of the crisis and eliminating (or at least seriously cutting back) our 

use of such fuels is necessary to our society's "carbon dieting" for global warming 

mitigation. 

Combine this new push for carbon dieting with another reality: the finite and 

ever decreasing global supply of fossil fuels. Difficult-to-harvest sources, such as the 

tar sands of Alberta, are predicted to soon dominate oil production[l], and even 

older optomistic estimates project the supply of coal running out within 300 years [2] 

(taking whole landscapes with it). Suddenly, the end of the fossil fuel economy seems 

to be in sight. A new energy paradigm is imperative! Yet the current employment 

of renewables is almost laughably small. Solar energy is one of the most successful 

renewable technologies thus far, yet it accounts for less than a tenth of a percent of 

the U.S. energy consumption [3]. 

Presently, no photovoltaic technology is economically competitive with fossil fuel 

sources, because of high material costs relative to the efficiency of energy generation. 

The research presented in this thesis attempts to address this problem, by investigat

ing techniques for producing photovoltaic cells with much cheaper materials. Before 

launching into an account of this research, it is first necessary to introduce the basics 

of photovoltaic technology. 
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1.1 How a PV Cell Works 

A photovoltaic cell is a semi-conductor device which generates a voltage when exposed 

to light. In such a device, an incident photon is absorbed by the photoactive material, 

exciting an electron to an unbound state. The excited electron leaves behind an 

empty bound state which effectively carries a + 1 charge, referred to as a "hole" , for 

the nuclear charge left uncanceled. The hole can effectively move by the transition 

of a neighboring electron into the unoccupied bound state, leaving a neighboring 

nuclear charge uncanceled. The hole and electron form a two-body system known as 

an exciton, which has some binding energy holding it together. The exciton can move 

within the material, but has a finite lifetime before the electron and hole recombine 

and the excess energy is either re-emitted as a photon or converted to heat. The 

lifetime together with the electron mobility characterizes the diffusion length L, which 

gives the mean distance an exciton can travel within the exciton lifetime. In order 

to generate a voltage, then, the excitons must be separated into their constituent 

electrons and holes within the exciton lifetime and travel to separate electrodes[4]. 

To accomplish this, two-material photovoltaic cells are made with two photo

active materials with different electronic states such that one material, the "electron 

donor", will preferentially give up negative charge carriers to the other, the "electron 

acceptor" . Traditional devices are solid state, so the electronic states correspond 

to a band structure of two continuous bands of energy states separated by a "band 

gap" in which there are no states (or only a discontinuous few). The lower (valence) 

band consists of electronic energy states that are filled when T = OK, which can 

be thought of as being associated with a covalent bond between nuclei. The upper 

(conduction) band corresponds to electronic states that are not filled in the ground 

state (at zero temperature) and thus are only occupied when electrons are excited 

out of the valence band. Electrons in the valence band cannot act as charge carriers, 

so at absolute zero the material will act as an insulator. Statistical physics tells us 
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that at higher temperatures, there will be a statistical distribution of electrons across 

states, meaning that if the band gap is small enough, at room temperature there will 

always be some electrons in the conduction band and empty states in the valence 

band (holes) to act as charge carriers. 

The most common commerical photovolatic cells are constructed from of two types 

of silicon, each doped with different impurities which increase the presence of free 

charge carriers. The electron donating type, referred to as n-type silicon, is doped 

with atoms such as phosphorus that have an additional electron in the outer shell 

which does not settle into a bond. The fifth electronic state typically lies in the band 

gap, close to the conduction band and so an electron in that state is easily ionized 

into a free conduction state. The electron accepting type, or p-type silicon, is doped 

with an atom such as boron with one less electron in the outer shell. The missing 

electron means that there will be an additional state where the "forth" electron would 

typically be. Though this state will be unoccupied at T = OK, at finite temperatures 

the state will be occupied with a high probability, leaving an unoccupied valence state 

or hole[4]. Therefore, at finite temperatures, both types of doped silicon will have 

free charge carriers. 

If the two materials are chosen correctly, there will be a range of energy in which 

the conduction band of the n-type and the valence band of the p-type overlap. At 

a junction between the two materials, electrons can tunnel through the small barrier 

between them. When the two materials are first placed next to each other, free 

electrons will diffuse from the n-type to the p-type, where they occupy bound valence 

states [7]. This diffusion reduces the number of free charge carriers in both materials 

and gives rise to a "depletion zone" in the vicinity of the junction, where the diffusing 

free charges have left behind uncompensated nuclear charges. The p-type will have 

extra electrons, so it will be negative, while the n-type will have lost electrons and 

will therefore be positive. Therefore, there will be an electric field in the depletion 
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zone, opposmg the diffusion of charge carners across the junction. The material 

reaches equilibrium when the field is strong enough to completely cancel the diffusive 

pressure[4]. 
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Figure 1.1 

At equilibrium, therefore, there will be a nonzero electric field in the area of the 

junction and a potential difference between the two materials as shown in figure 

1.1. When an exciton is formed in the vicinity (i. e. wi thin the diffusion length) 

of the junction, the field will separate the charge if the potential difference exceeds 

the binding energy of the exciton. The excess potential will accelerate the electron 

towards the n-type material, while the hole will be accelerated to the p-type material. 

The result is a current from the n-type to the p-type. If a load is connected between 

the contacts on either side of the device, electrons will flow from the n-type through 

the load back to the p-type powering the load and then rejoining with the holes. It is 

important to note that the magnitude of the current clearly depends on the diffusion 

length, since only excitons which reach the junction before recombination contribute 
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to the current. 

1.2 Traditional PV Devices 

While solid-state silicon devices are currently the most commonly marketed photo

voltaic panels, similar solid state devices have been made of other metallic semi

conductors, such as galium arsenide. Processing techniques for solid state devices are 

energy-intensive- they require high temperatures and high vacuum [1]. Therefore, 

these technologies have high production costs. Even power generated from silicon

based photovoltaic pannels, the most cost effective, cannot compete against fossil fuel 

prices in markets without government incentives. 

When searching for other solid-state devices with less energy intensive processing 

demands, problems arise in balancing photosensitivity with device lifetime. A wide 

band gap tends to make semiconductor devices insensitive to visible light, making 

them unfavorable as photovoltaic devices. However, band gap width correlates to 

bond strength, so materials with more narrow band gaps tend to succumb easily to 

photocorrosion[l]. One solution is to manufacture dye-sensitized cells, in which light 

excites electrons in a material layer optimized for visible light , creating free charges 

which are transported to a photostable semi-conducting material with a wide band 

gap. Another solution is to step away from solid-state devices based on metallic 

semiconductors and look toward organic molecules instead, which are less energy 

intensive and often more environmentally friendly to produce. 

1.3 Organics 

Polymers were the first organic materials to be investigated for organic photovoltaic 

(OPV) technologies. The devices are constructed of photoactive polymers with elec

tronic states similar to, but more complicated than semiconductors. They have a gap 
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in energy between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) that is analogous to the band gap in a semi

conductor, and just like with metallic semiconductors, a photovoltaic is constructed 

of two polymers such that one, the electron acceptor, has a lower HOMO and LUMO 

than the electron donor. 

For these devices, fabrication costs are potentially much lower than for solid-state 

devices. However, organic materials typically have shorter exciton lifetimes and lower 

charge mobility than metallic semi-conductors. Therefore, organic cells typically have 

much lower efficiencies than the solid-state devices discussed above. Economically, 

these devices can still be viable if the ratio of total energy production over the entire 

device lifetime to production costs is greater. While this is feasible, organic polymer 

devices tend to be vulnerable to degradation and thus have a short device lifetime. 

This, combined with their low conversion efficiency, outweighs the benefit of cheaper 

production. 

There are multiple mechanisms for device degradation [3]. Many polymers are 

sensitive to UV radiation, and so degradation may be photochemical, where the func

tioning is impaired either by deformations caused by direct absorption of radiation or 

by photo-oxodation with atmospheric oxygen. While the same materials are effective 

in other technologies, such as organic light emitting devices (OLED), which are used 

in many situations protected from exposure to the sun, an OPV must spend its whole 

lifetime in direct sunlight. Thus, for many cells performance declines rapidly after 

only hours of exposure to sunlight [1]. 

Degradation may also be electrochemical, where redox reactions at the electrodes 

are promoted by ionic impurities or water. This makes many polymer OPVs sense

tive to moisture both during the fabrication process and throughout their use. There 

might also be structural degradation, where repeated heating a cooling prompt ma

terials to reorganize, recrystallize, or diffuse between one another. To solve these 
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problems, one could adopt high vacuum techniques for fabrication and investigate 

more effective packaging, but both would increase costs substantially and thus defeat 

the purpose of organic materials in the first place. 

Instead of using polymers, there is also the possibility of using small orgamc 

molecules, which do not exhibit the same water and ultraviolet sensitivity as polymer 

materials. They are lightweight, flexible , and, just like organic polymers, these mate

rials are much cheaper than the metallic alternatives. Also like organic polymers, they 

have short exciton lifetimes and low charge mobility and device efficiency is impeded 

by a short exciton diffusion length. To succeed in making an economically practical 

device, then we must find ways to collect charge given the short diffusion length. 

1.4 Interfaces 

As discussed in section 1.1, a device's efficiency is related to the diffusion length, since 

in a two-material device an exciton will separate only at the interface between the 

two materials. The efficiency of the device, then, will be related to the fraction of the 

total excitons formed which can reach the interface within their lifetime. Therefore, 

we can increase device efficiency by increasing the interface surface area and reducing 

the average distance to the interface. 

One possibility is to create planar OPVs with interdigitated structures instead 

of the typical "stacked" geometry. Planar structures allow for all electrodes to be 

placed on the "back" of the device, eliminating the need for transparent conducting 

layers, such as ITO glass, which tend to have poor conduction, high cost, and limited 

flexibilty. Interdigitated devices, however, have not been created yet with organic 

mollecules, as fabricating these geometries requires a high resolution deposition tech

nique that do not damage sensitive materials. This rules out many traditional high 

resolution patterning techniques such as lithography. However, there are several novel 
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techniques for depositing complex materials. 

1.5 Printing Interdigitated Structures 
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Figure 1.2: Schematic of a LIFT deposition. Image courtesy of Dr. Craig Arnold. 
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One such technique is laser-induced forward transfer (LIFT), a type of laser direct

write (LDW) shown schematically in figure 1.5. With LIFT, the energy for deposition 

comes from the ablation of a sacrificial material in the immediate vicinity of an 

incident UV laser-beam. The sacrificial material can be the material to be printed 

itself, a chemical matrix in which the printing material is held, or a separate layer on 

which the printing material is spread. Whatever the case the rapid expansion caused 

by ablation shears a small amount of material from a donor ribbon and propels the 

material onto a substrate. The resulting spots of printing material (which I will 

henceforth refer to as the ink) are resolved on a scale equivalent to the beam width 

(in our case ;v 30 fJm). With LIFT, it is possible to achieve a pixel resolution on the 

order of tens of microns, sufficient to create these geometries. 

Therefore, we seek to employ LIFT deposition techniques in fabricating interdig-
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itated OPV devices. The ultimate goal of this work is to synthesize photovoltaic 

devices by the process shown schematically in Figure 1.3. First, two sets of interdigi-

tated electrodes are deposited using LDW (the electrodes could also be created using 

lithography techniques). Next, the electron acceptor luminophore will be deposited 

over one set of electrodes. Finally, the second electron donor luminophore will be 

deposited over the entire structure. 
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Figure 1.3: Proposed device fabrication. Image courtesy of Dr. Craig Arnold. 

The luminophores we chose for this work were created by the Bernhard group at 

Princeton in coordination with the Slinker group at Cornell [8]. The Bernhard group, 

in working to synthesize luminescent materials for OLED, has created an assortment 

of over 100 molecules based on cyclometalated Ir(III) complexes using a parallel 

synthetic approach to give the molecules a variety of photophysical properties. These 

materials were searched for molecules with the most suitable properties to OPV use: 
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strong absorption in the solar spectrum and a relatively long exciton lifetime (on 

the order of microseconds). One molecule that fulfilled the necessary requirements 

"Slinker" complex, as I shall refer to it in the remained of this work, is displayed in 

figure 1.4. We experimented with this molecule first, before attempting depositions 

with other luminophores that could potentially be paired with the Slinker complex 

in a PV device. 

Figure 1.4: Ir(ppY)2(dtb-bpy)+(PF6-), the luminophore we study. Image courtesy of 
Neil McDaniel. 

Electrode fabrication using LDW has already been demonstrated in the synthesis 

of micro batteries and ultracapcitors [4]. Therefore, the critical step towards realizing 

this fabrication will be proving that LDW is a viable technique for depositing the 

Slinker molecule. Namely, we must shows that depositions of the Slinker complex 

can be made with a high enough resolution and the necessary control. We must also 

show that the photophysical properties are not adversely affected by the deposition 

process. Finally, we must show that a second luminophore can be deposited adjacent 

to a pad of the Slinker complex such that both retain their photophysical properties. 

In doing so, we will not only have taken great steps to demonstrating the use of 

LDW for small-molecule OPV devices, we will also have produced an OLED display 

using LDW (since a simple organic display is made of an array of alternately colored 

OLEDs), and so our work has a second technological direction to it. 

In our investigation, we employ two already well understood LIFT techniques as 
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well as a novel variation. We will use a titanium dynamic release layer (DRL), where 

the donor ribbon of ink is spread on a layer of titanium, which acts as the sacrificial 

material. We also will use Matrix-assisted Pulsed Laser Evaporation Direct-Write 

(MAPLE-DW), where the solvent, nitrobenzyl alcohol in which the luminophore is 

disolved, is the sacrificial material. We will perform depositions with a novel adapta

tion of LIFT, where the sacrificial material is a polyimide thick film, which deforms 

without breaking when it absorbs laser energy, forcing material to shear off and collect 

on the acceptor substrate. 

Differences between the techniques may lead to differences in the control or reso

lution of depositions. One goal, then, is to evaluate which technique is best suited for 

depositing the luminophores. We also believe that LIFT with a polyimide deforming 

layer mechanism is fundamentally different from the more typical MAPLE-DW and 

LIFT with a DRL depositions we will also be using to deposit the Slinker molecule. 

Therefore, we also collect data to better understand the underlying mechanisms. 

1.6 Outline 

While device fabrication is our underlying goal, LIFT depends on several physical and 

chemical phenomena. Therefore, in chapter 2 we begin with a theoretical discussion 

of these phenomena. We must understand the role that surface tension plays on 

droplet geometry for our investigations of droplet control and droplet size as a function 

of laser energy. We also must understand surface wetting, for the role it plays in 

LIFT methods and pad fabrication. Finally, our depositions are done wet , with the 

luminophore dissolved in some solvent, but the devices we seek to fabricate must be 

dry and solvent free. Therefore, we must understand drying processes if we hope to 

have control of fabrication. 

Next, in chapter 3 we will discuss the LIFT technique underpinning this research 
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in chapter. Laser direct writing has been applied to many systems previously, and a 

good deal of its practicalities is already understood. Therefore, we begin by outlining 

the family of LDW techniques and some of its history, discussing basic laser/matter 

interactions and laser direct writing techniques in general. We then discuss the specific 

methods of laser-induced forward transfer (LIFT) and highlight how the technique has 

already been applied to both systems both similar and vastly different from organic 

small molecule luminescent salts. 

Once the general technique of LIFT has been described, we present the methods 

and results of our experiments in chapters 4 and 5, respectively. The familiar solvents 

used for depositions of materials previously studied by members of the Arnold group 

did not suitably dissolve the luminophores, so the first major experimental task was 

to determine a solvent that was compatible with the technique in terms of such 

properties surface wetting and volatility. Once we identified a suitable solvent, we 

investigated resolution and control of LDW by depositing arrays of droplets and 

continuous pads with the three different techniques. These experiments also provided 

information regarding droplet diameter as a function of laser energy, which allows 

us to compare the techniques to each other and the model described in chapter 3. 

Finally, we use fluorescence imaging to study the effect of the deposition process on 

stimulated emissions spectra of the Slinker molecule, as well as the drying behavior 

of droplets and pads. 

In chapter 6, we provide a further discussion of several topics. First, we discuss 

the relevance of certain peculiar features appearing in the droplet depositions. Next, 

we assess the viability of the technique- comparing the success of the three different 

mechanisms and citing the potential for drying issues to interfere with the deposition 

control. We conclude by outlining the further work necessary to accomplish the goals 

of device fabrication and further understand the deposition processes. 
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While our underlying goal is device fabrication, LIFT depends on several physical 

and chemical phenomena. We must understand the role that surface tension plays 

on droplet geometry for our investigations of droplet control and droplet size as a 

function of laser energy. It is also crucial to understand surface wetting, since it is 

necessary for LDW to create a thin film of donor ink and is only possible to create 

pads of material when there is at least partial wetting of the acceptor substrate by 

the deposited solution. Finally, while we seek to fabricate devices with layers of pure 

luminophore, our depositions use a liquid ink of luminophore in solvent. Therefore, 

we must understand drying processes if we hope to have control of fabrication. In 

this section, we explore these phenomena before discussing the history, theory, and 

practicalities of LDW itself in the following section. 

2.1 Liquids and Surfaces 

The behavior of liquids on solid surfaces influences LDW processes in several ways. 

Firstly, surface tension effects determine the equilibrium shape a given volume of 

liquid takes on a particular surface. Therefore, while the mechanism of deposition 

determines the volume of liquid that reaches the acceptor substrate, surface tension 

will affect the shape that volume takes. It follows that surface tension effects will 

influence printing resolution, which corresponds to diameter, not volume. Further

more, the relationship between droplet size and volume of the equilibrium droplet 

shape will be important to deriving the relationship between laser energy and the 

deposited droplet size. Finally, preparation of the donor ribbon for LDW involves 

spreading a thin film of ink on the donor slide. This requires the ink to wet the donor 

surface, which is also governed by surface tension. 
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2.1.1 Droplet Shape 

When a liquid drop rests on a solid surface in a gas environment, the equilibrium shape 

of the droplet can be explained by the thermodynamics of the interfaces. The free 

energy at a surface is higher than that for the interior, i.e. it takes more work to create, 

because the act of creating a surface necessitates the breaking of bonds. Therefore, 

it is thermodynamically favorable to minimize surface area. Since a perfect sphere 

minimizes the surface area for a given volume, liquids will tend to form curved surfaces 

whenever possible. However, the geometry of interfaces with solids are constrained 

by the rigid shape of the solid, so for a planar surface, such as a glass slide, the 

solid-liquid and solid-gas interfaces must also be planar. Therefore, a drop of liquid 

resting on a (flat) solid surface will form a spherical cap, where the radius of curvature 

depends on the relationship between the surface tensions of the three interfaces [7]. 

Figure 2.1: Geometry of a spherical cap 

Geometrically, a spherical cap is the intersection of a plane with a sphere, and 

can be completely defined by the radius of the sphere and either the distance from 
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the plane to the center or the heigh of the droplet h (see figure 2.1). However, 

these quantities are not necessarily the most useful. Depending on the circumstance, 

there are quantities which are easier to measure and which facilitate discussion of the 

phenomena: the radius of the cap's base R, the volume of the cap V, or the contact 

angle, which is the angle Be formed by the intersection of the cap surface and the 

plane. In particular, the contact angle is useful because it is directly related to the 

radius of curvature of the droplet, and thus depends only on the surface properties of 

the materials. 

We therefore derive the algebraic relationship between these three quantities, 

which will be useful in future discussion. Firstly, in this work we investigate dif

ferences in deposition mechanisms by studying droplet diameter as a function of laser 

energy. In the physical model we propose, the laser energy determines the volume 

ejected from the donor ribbon. Therefore, we need this relation to give the propor

tionality of droplet diameter to droplet volume. Furthermore, while contact angle is 

useful in discussing surface wetting, it is not simple to measure it directly without 

some means of three-dimensional imaging. This relation makes it possible to calculate 

contact angle simply by depositing a known volume of material onto the surface in 

question and measuring the diameter of the resulting droplet using simple white light 

microscopy and image analysis software. 

First, we can easily obtain the volume as a function of base radius, R, and height, 

h, by integrating circular disks. The Pythagorean theorem gives the radius of the 

circular cross section at height y as 

Therefore, the volume of the cap will be 
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We can eliminate the height h of the cap by substituting for the contact angle, 

Be. By similar triangles, the contact angle is equal to the angle between the vertical 

axis of the sphere and the radius to the cap's base. Thus, 

and 

h = R(l- cos Be) 

therefore, 

7r 3( 3 ) Vcap = 3"R 2 - 3cosBe + cos Be . 

The diameter of the base of cap is given by 

d = 2R sin Be, 

and so in terms of Be and d, the volume will be 

7rd3 

Vcap= . 3 (2-3cosBe+cos3 Be ) 
24sm Be 

(2.1) 
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2.1.2 Surface Wetting 

In the course of our experiments, we recognized that choosing a solvent is a critical 

step in applying LDW to small molecule organic device processing. One reason is 

that the ink must wet both the donor and acceptor substrates. The contact angle, 

Be, is commonly used to quantifying the degree of wetting of a surface by a liquid. 

If Be = 0, the liquid spreads to an arbitrarily thin film, and we say that there is 

complete wetting. At the other extreme, if Be > 90°, then the liquid will tend to form 

a spherical droplet. Such a droplet can easily roll along the solid surface, and we say 

there is no wetting. If 0° < Be < 90°, we say there is partial wetting of the surface [5]. 

2.1.3 Determining Contact Angle 

To make educated choices about solvents and surfaces in order to control the contact 

angle, we must also understand how surface tensions determine contact angle on a 

more fundamental level. We initially envisioned our droplet would have the geometry 

shown in figure [2.2a]. However, within a "core region" (see figure [2.2b]) there are 

much more complex effects so that the assumption of a spherical surface is no longer 

valid. Macroscopically, the contact angle is still well-defined, but a clever derivation is 

necessary to sidestep this issue and rigorously work out the contact angle. We follow 

the methods of Adam in [1]. In terms of the interfacial interactions, the energy for 

a droplet in equilibrium should be invariant under a translation of the interface by 

some small increment dx. The bulk energies do not change, nor does the core energy. 

Therefore, the only changes in energy will be in the far-field interactions. We define 

rSV, rSL, and rLS to be the surface tensions at solid-vapor, solid-liquid, and liquid

vapor interfaces, respecively. In the horizontal direction, we have the change in energy 

at the solid-vapor boundary as + rSV dx, at the solid-liquid boundary, - rSL dx, and 
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Figure 2.2: Contact angle of a liquid droplet resting on a surface 

at the liquid-vapor boundary, -rLV cos(Be) dx. Thus, 

flE far- field = 0 

glVes 

rSV - rSL - rLV cos(Be) = 0, (2.2) 

which is more often written as, 

(B) rSV - rSL 
cos e = . 

rLV 
(2.3) 

Therefore, we have complete wetting (Be = 0) when rLV = rSV - rSL . Note that if 

rLV + rSL were any greater, it would be more energetically favorable for a liquid film 

to form in between a solidi gas boundary, which would also give complete wetting, so 

it is safe to rewrite the condition for complete wetting as an inequality: 
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"'(LV + "'(SL 2: "'(SV· (2.4) 

It is clear that for partial wetting we need 0 < cos ( e e) < 1, or 

o :::; "'(sv - "'(SL :::; "'(LV · (2.5) 

We would like to keep these relations in mind when choosing solvents and sub

strates. However, these quantities are difficult to measure experimentally. A more 

experimentally accessible quantity is the work of adhesion, WSL , which gives the work 

(per unit area) necessary to separate the solid and liquid perpendicularly to infinity. 

In terms of surface tension, it is the energy required to eliminate the solid-liquid 

interface and reform the solid-vapor and liquid-vapor interfaces. That is to say [1], 

WSL = "'(SV + "'(LV - "'(SL· (2.6) 

Therefore it is more straightforward to think of changing the wetting in this way: 

if we can increase the work of adhesion by modifying the surface, we should see a 

decrease in contact angle . 

For making choices of solvents, substrates and substrate treatment, it is important 

to keep in mind that the interactions responsible for adhesion and surface wetting are 

dominated by short range forces [10]. To a good approximation, the interactions 

are determined solely by the valence electrons of the surface molecules. Therefore, 

a change in the surface termination of a solid can dramatically change the work of 

adhesion between a solid surface and a liquid, as could the presence of foreign particles 

on the surface. For example, we found that the wetting properties of nitrobenzyl 

alcohol on titanium coated glass changed significantly depending on how or if we 

cleaned the substrates before spreading- washing with soap gives better wetting than 

with acetone, which in turns give better wetting than just using pressurized nitrogen 
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gas to blow off contaminant particles. 

2.2 Drying processes 

For materials processing using LDW, we concentrate a great deal on demonstrat-

ing that our depositions are controlled and have high spatial resolution (pixel size). 

However, nonuniform drying processes will impede our ability to create uniform lu-

minophore depositions. Just because a round droplet is deposited, it does not that 

mean that the dried product will be a uniform circular film of material. For example, 

a simple model of solvent drying might be that whenever an increment of solvent 

evaporated, its solute is left behind on the surface. Even in this simplified situation, 

we would have a radially varying distribution of material, because of the varied thick-

ness of the droplet. It could also be that this drying only sets on after the solution 

has reached a critical concentration. 

Figure 2.3: Fluorescence of a dried droplet of the Slinker complex, after being de
posited in suspension of DMSO using MAPLE-DW. Image courtesy of Corey White. 

One model for solute deposition from a drying drop that is well understood is the 

"coffee-ring" effect , so named because it was first used to explain the formation of 

coffee rings. Ring-like structures in luminescence images of dried droplet depositions, 

such as those in figure 2.3 first led us to investigate whether a "coffee ring" effect 

might explain the drying processes. Although the "coffee ring" effect is typically 
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Figure 2.4: Phase separation in evaporating droplet 

studied in drying colloid solutions, the theory is extremely flexible and makes accurate 

predictions for solutes of molecular size as well [4]. I investigated the theory to see 

if it could account for the dominant drying behavior of our depositions. I found that 

some aspects of the theory apply, though the theory cannot explain all features, such 

as specks of much higher luminophore concentration. Therefore, we must look beyond 

this theory for a more full understanding of how our depositions dry. 

2.2.1 Coffee Rings 

The basic idea of the coffee ring effect is that when the contact line of a droplet is 

pinned (i.e. the boundary cannot move as the volume decreases with evaporation), 

material will be pushed outwards during evaporation, and that the solute will thus 

be deposited only at the edges. The theory relies only on the ability to make two 

assumptions: that the contact line of the droplet is pinned in some way to the sub

strate (either by the presence of surface roughness or chemical heterogeneities) and 

that the mobility of a solution is lost when the solute reaches a high enough con

centration [4]. If the contact line were not pinned, the droplet would shrink as the 

solvent evaporates, but when the contact line is pinned, solution from the bulk of 

the droplet must move radially outward to maintain the perimeter. As this happens, 

the droplet divides into two phases: a liquid phase and a deposited phase (see figure 

[2.4]). If both these conditions hold, the general phenomenon ofring formation will be 

observed. However, the specific mathematical formulation of Deegan relies on further 

assumptions that cannot be made about our system. 

We turn to the more generalized description of the coffee ring effect given by Popov 



2.2. Drying processes 27 

[6]. From geometric considerations, evaporation theory, and mass conservation on a 

system meeting the two conditions, Popov derives four equations that govern the 

drying of a finite-volume solute in solution. These equations are rather complex, 

and involve a large number of parameters, but are also completely general. They 

govern the coupled time evolution of B(t), the contact angle; H(t), the height of 

phase boundary; W(t) , the width of the deposited ring; and ri(t) , the minimum 

initial radius for a solute particle to reach the phase boundary by time t. In the case 

of our experiments, we are concerned with the final results of drying, and therefore, 

the only important variable is W (t). 

Unfortunately, an analytical solution to these equations is not possible. A simpli-

fied solution is possible if we assume a relationship between Xi and p, which denote the 

volume fractions of solute in the liquid and deposited phases, respectively. Specif-

ically, we assume that Xi «p. Then, the equations can be separated and solved, 

glVmg 

where Wo(l) is a number obtained by numeric integration, which Popov [6] cal

culates to be Wo(l) ~ 0.609. This result tells us that the width of the deposited ring 

will vary with the square root of the volume fraction of solute for dilute solutions. 

To test the validity of the simplifying assumption, we can approximate the volume 

of a single molecule using the van der Pols radii of its constitutive elements. With 

this approximation, the radius of the Slinker complex is 1.44nm3 and the radius of 

the solvent, nitrobenzyl alcohol, is 0.25nm3 . For a solution of Img of Slinker in 

ImL of NBA, Xi ~ 0.44. A similar calculation for the Slinker in DMSO glVes an 

approximately equal volume fraction. Clearly, we cannot assume that Xi « p for 

our system. While the theory can still predict that lim W (t) will be larger for our 
t-+oo 

system than a dilute solution, the numeric predictions will not be accurate. Evidence 
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shows that during drying, the contact line can eventually become de-pinned, when 

the contact angle () becomes too shallow [6]. Therefore, we expect in our results a 

noticeably thick as well as evidence of de-pinning. 
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Eventually, we hope to fabricate and characterize novel interdigitated interfaces 

between two types of small organic molecule luminophores for use as OPV devices. To 

do so, we propose using laser direct-write (LDW) techniques. Laser direct-writing is 

a widely used and studied fabrication strategy. Therefore, we begin by outlining the 

family of LDW techniques and some of its history. First we discuss basic laser/matter 

interactions, which we then use to motivate our discussion of laser direct-writing 

techniques in general. We then discuss the specific method of laser-induced forward 

transfer (LIFT) and highlight how the technique has already been applied to systems 

both similar and vastly different from organic small molecule luminescent salts. 

3.1 Laser /Matter interactions 

Laser direct-write is fundamentally based on the interaction between a focused high

energy laser beam and a sacrificial material. Since it is possible to control laser beam 

shape down to the microscopic scale, LDW has the potential for micro-resolution. The 

technique relies on rapid pressure increases due to rapid vaporization and ablation 

caused by large instantaneous power density of pulsed laser. The key is that the 

process is non-equalibrium, which means that the ablation and vaporization are very 

localized- on the order of the diameter of the laser spot (width at half-max). With 

an ultraviolet laser, such as the 355 nm laser used in our experiments, ablation can 

occur purely by photolysis, where the light absorption directly breaks bonds, or it 

can occur as a result of extreme heating. However, it is possible that extreme heating 

could damage the luminescent molecules we seek to deposit, so we would like to 

understand how ablation occurs in each of the three ablative materials: nitrobenzyl 

alcohol, polyimide, and titanium. 
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3.1.1 Ablation 

Laser-induced forward transfer, in all cases, depends on the ablation (nonequilibrium 

bond breaking) of some sacrificial material. The properties of the sacrificial layer and 

the wavelength of the laser together determine the mechanism of ablation. Bauerle [6] 

suggests to categorize mechanisms based on whether photothermal or photolytic pro

cesses dominate. When the heating of the material by the laser (thermalization) is fast 

compared to the ablation process, the mechanism will be dominated by photothermal 

processes. Otherwise, (if the time scales are equivalent or the ablation process is fast 

compared to thermalization) the mechanism will be dominated by photlytic effects. 

The mechanism of ablation is important to LDW, because the heating effects present 

in some ablation can potentially damage the compound being deposited, and there

fore it is important to consider UV induced ablation for each of the three sacrificial 

layers we employ. 

In basic thermal ablation, bonds are broken not directly by the absorption of 

photons, but by the extreme local increases in kinetic energy that result from the 

localized power density of laser light. This is the mechanism of ablation resulting 

from UV absorption by titanium. 

Another possibility is "cold" ablation by photlysis, where photon absorption di

rectly breaks bonds in the sacrificial material. With an excitation source radiating in 

the UV spectrum, photolysis occurs because of dissociative electronic excitations. In 

other words , an electron is excited by photon absorption to an unstable state which 

dissociates on some short time scale, usually 10- 13 - 10- 148, in which relaxation or 

energy transfer to other degrees of freedom are unlikely [6]. By such direct absorp

tion, UV lasers have the potential to break C-H bonds [14] and therefore can be 

used to ablate a wide variety of organic materials, including polymers such as poly

imide. Srinivasan et al. [15] observed ablation of polyimide with several different UV 

wavelengths. 
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Finally, we treat the case of nitrobenzyl alcohol. Currently, there has not been 

a specific treatment of UV laser ablation of nitrobenzyl alcohol. Nitrobenzyl alcohol 

absorbs significantly at 355 nm. Furthermore, the material contains a great many 

C-H bonds, and so we expect that" cold" ablation would be possible. However, there 

could be heating effects as well. Therefore, if experiments with titanium suggest heat 

damage to the salt, it is possible that these effects could occur to the same or lesser 

degree in nitrobenzyl alcohol. 

3.1.2 LDW in brief 

The term "laser direct-write" (LDW) actually refers to a family of techniques, LDW-, 

LDWM, and LDW +. Laser Direct-Write Subtraction (LDW-) is simply the use of 

laser ablation to create features by the removal of material through laser ablation. In 

Laser Direct-Write Modification (LDWM), laser energies are used that are below the 

threshold for ablation. Even when the laser energy is not great enough to ablate the 

material, laser absorption can still permanently modify the chemical properties of a 

material. In many cases, the process is thermal, such as the process used to rewrite 

CD's (CD-RW). For CD-RW's, heat from laser absorption induces a transformation 

between a crystalline and amorphous phase. Finally, there is a set of techniques 

referred to as Laser Direct-Write Addition (LDW + ), in which material is added to 

a surface by some laser driven process. Laser-induced forward transfer (LIFT) is a 

variation of LDW + that uses the plume produced by the ablation of a "sacrificial" 

material to propel material onto a nearby surface [3]. Since we are seeking here to 

fabricate devices out of powdered luminescent salts, we are interested only in LIFT. 

3.1.3 LIFT Deposition Process 

We discuss four variations on the LIFT technique. The first is the traditional tech

nique. The other three correspond to the three different methods we employ in 
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studying LDW + to deposit small molecule luminophores. Traditional LIFT relies on 

the direct absorption of the laser energy by the material which is to be deposited. As 

shown in figure [3.1.3a], the material is coated as a donor ribbon on some transparent 

substrate, and the donor substrate and ribbon are positioned over the writing surface, 

referred to as the acceptor substrate. Laser light illuminates the material from the top 

through the donor substrate. By ablation, the entire film is vaporized in the region 

of illumination, and the vapor is propelled downward, where it is deposited on the 

acceptor substrate. 

There are two factors which detract from the effectiveness of traditional LIFT. 

Firstly, the material itself must absorb and ablate at the wavelength of the laser, and 

this places a restriction on the types of materials that can be deposited in the first 

place. Secondly, vaporization is a violent process. When depositing a complex ma

terial, such as a luminophore, vaporization could irreversibly damage the interesting 

properties of the material. 

The first variation is to place another material, referred to as the dynamic release 

layer (DRL), between the substrate and ink as shown in figure [3.1.3b]. This poten

tially fixes both problems. Now, the laser energy is absorbed by the DRL, which can 

easily be chosen to have the desired absorption. In our research, one of the three 

deposition mechanisms we experimented with was to use a thin coating of titanium 

as a DRL. The DRL vaporizes due to ablation and the force will shear off a volume 

of ribbon below the ablating material and propel it towards the acceptor substrate. 

The vaporized DRL, however, will also reach the acceptor substrate. Therefore, the 

depositions we perform with titanium have two potential problems. First, LIFT with 

a DRL has the potential problem of contamination. Second, as stated in section 3.1.1, 

the mechanism of ablation is also thermal, so the luminophore could also suffer heat 

damage. 

There are other ways to utilize sacrificial absorbing materials. With matrix-
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assisted pulsed laser evaporation direct-write (MAPLE-DW), the laser ablates a ma

terial matrix in which the desired material resides, as shown in figure [3.1.3c]. Most 

obviously, we could deposit material dissolved or suspended in a solvent which absorbs 

at the laser wavelength. In this case we will also have two simulatneous deposition 

mechanisms. Not only does a voxel of material shear off from the ribbon, but there 

is additional matrix material deposited from the ablation plume, which will spread 

out in a cone with an approximate spreading angle of 30° [6]. Since the solvent we 

use to make a liquid ink, nitrobenyzl alcohol, absorbs at 355 nm, we were able to 

experimente with MAPLE-DW depositions of the luminophore in NBA. Now there 

is not a worry of contamination, but the spray of ablated material could affect the 

control and resolution of deposition. 

Finally, there is a more novel variation on LIFT which uses a deforming plastic 

layer, such as the polyimide thick films we used as our third deposition mechanism. 

The material closest to the substrate will ablate and vaporize, while the rest of the 

film remains intact , deforming in response to the rapid increase in volume. There

fore, there is no ablation plume. The exact mechanism of how the plastic deformation 

causes deposition is unverified. One possibility is that the force of the rapid deforma

tion causes material in contact with the area of deformation to shear off and deposit 

on the acceptor substrate. The surface is permanently deformed and therefore the 

same donor substrate cannot be reused for multiple depositions. The permanent de

formation also means that individual pulses must be spaced far enough apart so that 

the area of affected material does not overlap. 

3.1.4 Previous Work with LIFT 

LIFT is a very dynamic technique and past research has shown it is useful in a 

number of different fields. However, to summarize the complete range of applications 

scientists have found for LIFT would be beyond the scope of this thesis. A good 
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Figure 3.1: Schematic of laser-induced forward transfer. (a) Traditional LIFT. (b) 
LIFT with a dynamic release layer (DRL). (c) Matrix-assisted pulse laser evaporation 
direct-write. [4] 

overview of LIFT applications is given by [4]. It is important , however, to highlight 

some of this work to show how the research presented in this thesis both builds upon 

previous work but also departs in key ways, facing us with new challenges. At the 

most basic level, LIFT can easily be applied to simple powders, such as ferroelectric 

and ferrite microscopic powders (BaTi03, SrTi03, and Y3Fe5012) [10] and diamond 

nanopowders [12]. However, LIFT is also applicable to much more complex systems. 

Some of these systems differ greatly from the research we're interested in, such as work 

done with biological materials [8] , [13]. Other materials, such as those previously used 

in LIFT processing of micro-scale electrochemical devices [4] [5] [7] , are similar to small 

molecule organic luminophores and thus provided a basis for our own experiments. 

For many cutting edge problems in biotechnology, it is desirable to pattern sur-
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faces with materials such as DNA or live cells. However, already developed printing 

techniques which rely on a nozzle, such as ink-jet printing are often confounded by 

issues of clogging and contamination. However, using a sacrificial medium to shield 

the sensitive materials, it is possible to LIFT deposit undamaged DNA [8], live bac

teria [13] as well as live mammalian cells [9]. The ability to deposit undamaged a 

controlled volume of material with high spatial resolution makes LIFT printing of 

biological materials ideal for many exciting cutting-edge applications, including mi

naturized biosensors, tissue engineering, and implantable drug delivery systems [4]. 

LIFT has already been successfully used to fabricate other micro-scale electro

chemical devices. Arnold et al. have demonstrated the viability of LIFT for micro-

scale lithium-ion batteries by printing inks of composites of carbon/binder and Li/carbon/binder 

[4]. These same principles have also been applied to ultracapacitors [5] . Finally, Lip-

pert et al. have used dry LIFT of a phosphor and electrode bilayer to print effective 

planar Organic Light-Emitting Devices (OLED) [7], but because they were using dry 

depositions, their resolution was limited to an effective pixel size of rv 500j.Lm. Such 

a resolution is satisfactory for patterning planar structures, but a much higher res-

olution (by a factor of 10) is necessary to fabricate the interdigitated structures in 

which we are interested. 

Our methods, however, differ from all of those discussed above. We seek to create 

uniform, amorphous layers of material, and therefore deposit the phosphorescent ma

terial in a solution, whereas the batteries and ultracapacitors were LIFT transfered 

as thick suspensions and the OLEDs as a dry planar bilayer. We also use a novel 

method for some depositions, where the laser is absorbed by a deforming polymer 

which does not expose the ink to high temperatures during deposition and is less 

likely to contaminate the depositions. 
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Figure 3.2: LDW Apparatus. Image courtesy of Dr. Craig Arnold. 

3.1.5 LDW Apparatus 
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We performed our depositions using the experimental setup depicted in Figure 3.2. A 

355 nm diode-pumped laser (Coherent Aria 355-4500) is directed downwards through 

a focusing objective onto the donor slide. For our experiments, we held the laser power 

constant and used a signal generator to control the length of laser pulses. By varying 

pulse length, we were able to fix the total delivered energy at the desired value. Pulse 

lengths were always short compared to the overall deposition process, and experience 

within the group has shown that within the bounds which we varied pulse length, 

the only effect on results comes from the changes in energy delivered to the sacrificial 

material. 

The ink is spread as a thin film on the donor substrate. This substrate may be 

just plain glass or it may be coated with either a DRL or some rheological system, 

depending on the chosen deposition mechanism. The coated substrate is placed upside 

down on spacers over the acceptor substrate, so that the laser light shines down 

through the glass first. This assembly is mounted using a vacuum chuck onto a 

translation stage with x, y, and z control. The signal generator and translation stages 
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are connected to a PC, and I used NView HMI software to control their actions 

according to pre-written programs. 

A typical deposition proceeds as follows. A pulse of the 355 nm UV light is 

directed downwards onto the donor substrate. The light is then absorbed either 

by the titanium DRL, the polyimide rheological system, or the nitrobenzyl alcohol. 

Vaporization or deformation from ablation shears a volume of ink out of the donor 

ribbon and propels it onto the acceptor substrate. The stages are then translated 

some predetermined amount, another pulse is sent, and a second droplet is deposited. 

In this way we can create square droplet arrays, or more complicated patterns, such 

as the Princeton University crest (Figure 3.3). 

Figure 3.3: The Princeton University crest, printed using single fluorescing E. coli 
bacterium. Image courtesy of Nick Kattamis. 

3.1.6 Droplet Diameter Models 

To better understand the difference in mechanisms between deposition techniques, 

we measured droplet diameter as a function of energy and compared to an existing 

theoretical model of the deposition. If we deposit with MAPLE or titanium ablation, 
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the deposited material receives energy directly from the expansion of the vaporizing 

material, whereas for polyimide, the vaporization induces a rapid spherical deform a-

tion in the polymer film, which we expect would generate an acoustic wave in the 

donor ink. For MAPLE or titanium ablation depositions, we make the assumption 

that material will be deposited in areas where the laser intensity crosses a certain 

threshold. This model gives a simple functional dependence of droplet diameter on 

energy. For the polyimide depositions, it is difficult to come up with such a simple 

model. Therefore, we gauge these mechanisms by comparing all three to the simple 

"threshold" model, expecting that MAPLE and titanium ablation data will fit well, 

while data from polyimide depositions will not. 

For a Gaussian beam, like the laser used for these experiments, the intensity I, 

delivered over a pulse of some fixed duration TO , is given as a function of (x, y position 

-CX;O)2 -CY;o)2 
I = II x e c x e c , 

where c is the speed of light and h gives the beam amplitude. The energy of the 

entire beam is the integral over the entire beam area 

100 100 2 2 

E = -00 -00 h x e7 x e7 dxdy, 

and so, 

h=C·E. 

where C is a constant. 

The deposited volume will be a cylinder with a base given by the area receiving 

laser intensity above some threshold, 10 and with height equal to that of the donor 

ribbon (refer to figure [3.4]). This area is a circle with radius l. The figure displays 

the "affected radius" II and l2 of two beams with amplitudes hand h, respectively. 
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Figure 3.4: Deposited volume depicted in two dimensions 

The length of the "affected radius" is given by 

or 

l2 = C . In h + D = C' . In E + D. 

Since the volume of a cylinder with radius l and height h is given by 

it follows that 

v = C·lnE+D. 

Recall that in section 2.1.1 we showed that a volume of liquid will form a spher-

ical cap on a solid surface. We wish to determine the relationship of energy to the 

diameter , d, of this spherical cap. We previously determined the relationship between 

contact angle, cap diameter, and cap volume (equation 2.1). For repeated depositions 
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of the same ink onto the same acceptor substrate, the contact angle will be constant . 

Thus, 

1 

d = C· V 3 , 

and we have that 

1 

d = C . (In E + D) 3 , 

where we have let the constants C and D shift as appropriate. 

Therefore, when we plot droplet diameter as a function of In E, we expect that 

the data for depositions with MAPLE-DW and a titanium DRL will fit well to a 

cube-root, while the depositions performed off of a polyimide thick film will not. 
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Laser direct writing has not previously been applied to small molecule organic 

luminophores. Therefore, the experiments described herein were aimed at building 

a foundation of practical understanding for depositing these materials. The famil

iar solvents used for depositions of materials previously studied by members of the 

Arnold group did not suitably dissolve the luminophores, so the first major experi

mental task was to determine a solvent that was compatible with the technique. We 

needed a solvent that would wet the donor and acceptor substrates well, dissolve the 

luminophore, and evaporate at a suitable rate. Once we searched out a suitable sol

vent, we characterized resolution (the smallest length scale at which the technique can 

print well resolved features) and control (the ability to predictably and reproducibly 

create features) of LDW by depositing arrays of droplets and continuous pads with 

three different absorbing layers. 

4.1 Donor Ink 

4.1.1 Choice of Solvent 

At the inception of this project , the Arnold group already understood that the volatil

ity of the donor ink was critically important to successful LIFT. The ink must be made 

with a solvent having a low enough volatility that the material would remain in solu

tion from coating until the deposition was complete (which could be several minutes), 

but high enough so that the liquid could be baked off once the deposition was com

plete. We wanted the solvent to strongly absorb the 355 nm the laser light used 

for depositions, so that the solvent itself could be used as a sacrificial layer via the 

MAPLE-DW technique, and thus we could determine which of the three approaches 

outlined in section 3.1.3 was most effective. 

Previous to this work, however, the task of choosing a solvent that could be 

spread as a thin film on various surfaces and wet the substrate upon deposition had 



4.1. Donor Ink 49 

volatility dissolves spreading absorbs 
glass Ti Poly @ 355nm 

glycerol too low no well well well no 
EG acceptable poorly adequately adequately adequately no 

acetone too high well well well well no 
DMSO acceptable poorly poorly poorly poorly yes 

NBA acceptable adequately well adequately well yes 

Table 4.1: Suitability of various solvents 

not been studied in LDW of luminophores , and there is a general lack of attention 

to solvent choice in the literature. Furthermore, the importance of having the salt 

well-dissolved, rather than simply suspended in the solvent, was not realized prior to 

our work. Therefore, an important step in our investigation of LDW for OPV and 

OLED synthesis was to determine an appropriate material to use as a solvent for the 

ink. 

I investigated five solvents: glycerol, ethylene glycol (EG), acetone, dimethyl

sulfoxide (DMSO), and nitrobenzyl alcohol (NBA). Table 4.1.1 compares my observa-

tions of the relevant properties of the five materials. From these results, I determined 

that nitrobenzyl alcohol was the best choice of solvent for our experiments. 

4.1.2 Preparation 

For the purpose of drying, it is most convenient to have as high a concentration of 

luminophore as possible in the ink. This also reduces the need to repeat depositions 

over the same area large numbers of times when trying to create a solid pad of 

material. It was also understood in the Arnold group that drying processes could be 

best controlled when the material to be deposited (the salt in this case) is dissolved 

rather than suspended. 

I determined that the solution of the Slinker complex, the luminophore with which 

we chose to first experiment, saturates in nitrobenzyl alcohol roughly at 16 mg per 
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1 mL, whereas the ruthenium complex, with which we later worked, saturates in ni

trobenzyl alcohol at slightly higher concentrations. Small variations in concentration, 

however, do not appear to have a significant impact on droplet size or pad forma

tion. Therefore, to prepare ink for transfer, I weighed out 16 ± 1 mg of the desired 

luminophore and 1 mL of solution. 

To ensure the salt went into solution, I first heated the sample on a hot plate to 

100DC for 10 minutes, then sonicated the solution for 30 seconds. Finally, I placed 

the sample in a centrifuge for approximately 30 seconds, checking that no salt accu

mulated on the edges to confirm that the salt had gone entirely into solution. 

4.2 Laser Parameters 

Tight control on spot size and laser energy are necessary for droplet and pad depo

sitions, but can vary as ambient conditions in the lab change day to day. Therefore, 

it was important to our goals of control and reproducibility that we systematically 

calibrate both laser energy and spot size. 

4.2.1 Laser Energy Calibration 

Typically, laser energy is calibrated using an external energy meter with its head 

placed upon the translation stage where the sample is normally placed, since there is 

no need to consider the optical loss of the beam en route. During our experiments, a 

working energy meter of the necessary specifications was unavailable. However, the 

Coherent Aria 355-4500 laser comes equipped with an internal photodiode. Optical 

loss should be approximately constant across the wavelengths we used, so that the 

internal diode gives accurate relative energies. We were also able to use previous 

measurements done with the same setup of optical elements to estimate the optical 

loss, allowing us to approximate the laser energy at the sample location from the 
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measurements made by the internal photodiode so that these results may be compared 

to other experiments. All laser energies cited in this work are adjusted using the 

approximated optical loss. 

4.3 Donor Slide 

Since the thickness of the donor ribbon has a large effect on the depositions results, 

it is important to have a uniform ribbon to achieve good control. As discussed in 

the theory section, surface tension determines the wetting properties of a film. To 

aid wetting across the various substrate (plain glass, titanium coated glass, and poly

imide coated glass), it was important to prepare the substrates appropriately. Proper 

substrate preparation also minimizes contamination by foreign particulates, which 

can interfere with film uniformity by creating divets and other surface inconsistencies 

?? Furthermore, we also want the donor ribbon thickness to be reproducible, and so 

adopted the best available spreading techniques to ensure constant film thickness for 

all experiments. 

4.3.1 Donor Substrate Preparation 

As discussed in section 2.1.3, surface termination of the donor substrate has an im

portant effect on the ability of the solvent to wet. Therefore, it was important to 

determine appropriate ways of treating the substrates and to then carefully follow 

these procedures to ensure reproducibility. 

All substrates began with identical ground glass, factory cleaned microscope slides. 

For the depositions using a titanium DRL, a 500A layer of titanium was deposited 

on a glass microscope slide by thermal evaporation in a clean room by a graduate 

student in the group, Shanshan Song. Over time the titanium surface becomes con

taminted, particularly due to foreign particulate accumulation and oxidation effects, 
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and wetting of the titanium substrate with the donor ink became prohibitively diffi

cult. Therefore, I found it necessary to use slides that were no more than a week old. 

Additionally, prior to spreading, I washed the titanium substrate with soap, rinsed 

with water, and dried with compressed nitrogen gas. This notably aides the wetting 

of the ink solutions, most likely because the residual soap film increases the attractive 

interactions between the ink and donor surface, giving a higher work of adhesion (see 

section 2.1. 3) 

I prepared the polyimide-coated slides by spin coating liquid polyimide on pieces 

of glass microscope slide and baking. I found that the cleanest slides created the 

most uniform thick films of polyimide. Therefore, to prepare the slides for polyimide 

coating, I first cleaned 1" x 1" pieces of polished glass microscope slides by immersing 

the slides in a mixture of NoChromix and 17.8 molarity H2S04 . I then rinsed the 

slides in tap water, blow-dried with compressed nitrogen, and rinsed a final time with 

ethanol and dried again with compressed nitrogen, to eliminate water spots. 

Next, I deposited a dime sized amount of liquid polyimide (HD Microsystems 

PI2525) onto a 1"x1" piece of glass. Using a spin coater, I spun the samples 10 

seconds at 500 rpm, then 40 seconds at 3000 rpm (Laurell WS-400B-6NPP /LITE) . 

Next, I baked the liquid polyimide coated slides for 30 minutes at 150°C, then an 

additional 30 minutes at 350°C. This ensures that all polyimide slides will have the 

same film thickness and elastic properties. The polyimide layer loses elasticity over 

time, so I used only slides prepared within 32 hours of the experiment. Finally, just 

before spreading ink on the slide, I rinsed the surface with ethanol and dried the slide 

with compressed nitrogen to remove particles from the surface. 

For the slides used for MAPLE-DW, the NBA/luminophore solution spread best 

when the slides were as clean as possible. Therefore, I used the same procedures as 

outlined above for slides to be coated with polyimide to clean the slides I would use 

for MAPLE-DW, washing with the NoChromix/H2S04 solution, rinsing with water, 
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drying, rinsing with ethanol, and drying a last time. 

4.3.2 Spreading the Donor Ribbon 

In all cases, the same procedure was used to spread a ribbon of ink on the donor 

substrate. Since nitrobenzyl alcohol absorbs light at 355 nm, it is important not to 

get material on top of the donor substrate between the absorbing medium and the 

laser source. Therefore, during spreading, I covered the top of the substrate with 

electrical tape, which prevented any liquid contamination but did not leave behind 

adhesive and could be easily removed without damaging the substrate. With the slide 

resting tape-down on a smooth silicon coating surface, I placed 10 f.-lL of solution onto 

the exposed surface of the slide, and spread the material with a #6 wire coater. I 

then immediately used the slide for a deposition. 
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Our chief experimental aim was to investigate the viability of laser-direct writing 

of two small organic molecule luminophores- the Slinker complex and a ruthenium 

complex by demonstrating control and resolution. From white-light images of droplet 

arrays and continuous pads of ink we can qualitatively evaluate control, while software 

analysis of the droplet arrays gives us quantitative data of droplet-size as a function 

of energy. These plots give us a measure of resolution and also reveal differing trends 

between deposition mechanisms. Fluorescent images of dried droplet arrays allow 

us to qualitatively gauge control after drying and also allow us to perform spectral 

measurements to demonstrate that the technique does not harm the luminescent 

properties of the compound. 

5.1 Droplet characterization 

With white-light microscopy (Olympus BX60F5), I imaged depositions over a wide 

range of laser energies for each deposition mechanism and both luminophores. For 

well controlled depositions, each pulse of laser light deposits a spherical cap or droplet 

of material on the acceptor substrate. When the depositions are less well controlled, 

the volume is distributed less uniformly, and the deposition may actually result in 

several separate droplets within the area of deposition or in a fine mist. Qualitative 

study of these images reveals information about the mechanics of each technique. 

By processing the images with ImagePro and ImageJ, I also obtained data relating 

laser energy to droplet size and laser energy to droplet circularity. Together these 

relationships help us to determine how controlled depositions are across the regimes 

of deposition and to investigate the underlying mechanisms of deposition. 
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5.1.1 Deposition Regimes 

In all deposition experiments, we varied the laser energy from the lowest possible 

energy for which a discernible amount of ink was deposited to energy great enough to 

produce violent splattering of the donor ink on the acceptor substrate. Depositions 

were done using an ink of the Slinker molecule dissolved in nitrobenzyl alcohol (NBA) 

with laser absorption by a polyimide layer, a titanium layer, and by MAPLE-DW 

with the nitrobenzyl alcohol itself. Depositions were also done with the ruthenium 

complex dissolved in nitrobenzyl alcohol using both titanium and nitro-benzyl alcohol 

to absorb the laser energy. For each deposition, I fabricated a 10 x 10 array of droplets 

spaced 500 j1m apart at a fixed laser energy. Images of all 100 droplets were captured 

at lOx magnification. Sample images are displayed in figures 5.1, 5.2, 5.4, and 5.20. 

It is important to note that the light centers of each droplet are not real features, 

but are artifacts of the imaging. These images and the measurements obtained from 

them provide both qualitative and quantitative insight into how control and resolution 

change with laser energy. 

With titanium depositions such as those depicted in figure 5.1, there is a distinct 

trend in uniformity. In figure 5.1a, we see that at the bottom of the energy regime 

(3 j1J) there is poor uniformity. Uniformity is best in the middle of the energy range, 

as shown in figures 5.1 band 5.1c, and begins to degrade again as energy increases 

further, which can be seen clearly in the splotchiness of 5.1d. This trend appears 

also in depositions of the Slinker complex dissolved in NBA when MAPLE-DW is 

used instead of a titanium DRL, with uniformity and control peaking in the middle 

energies around 6 j1J (figure 5.2c). 

We see a different trend with polyimide. Uniformity is maximum at energies just 

above the threshold where no material is deposited (figure 5.3a). The uniformity 

stays relatively constant until we begin to see a constant background of spray (figure 

5.3b). Finally, we lose uniformity at high energies (figure 5.3c and 5.3d). 
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Figure 5.1: Slinker complex in NBA deposited using titanium 

We also can observe differences in the geometry of the deposited droplets between 

techniques. This shape variation and the differing trends in uniformity beg further 
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Figure 5.2: Slinker complex in NBA deposited using MAPLE-DW at different ener
gIes. 
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Figure 5.3: Slinker complex in NBA deposited using polyimide at different laser 
energies 

investigation. We know from section 2.1.1 that a continuous volume of liquid will 

assume the shape of a spherical cap to minimize the free surface energy with a repro-

ducible contact angle independent of cap volume. Therefore, if the deposited volume 

were simply a sheared voxel of the donor ribbon, which traversed the distance between 

substrates intact and if there were no significant splashing upon contact with the ac-

ceptor substrate, we would expect that the volume would either expand or contract 

until it assumed a spherical cap with a given contact angle. This is in fact what we 

see for polyimide at low energies (figures 5.3a and 5.3b). We also see this behavior in 

the middle energy regimes for titanium (figures 5.1b and 5.1c). 

However, we see different behavior for titanium at larger (figure 5.1d) and smaller 

(figure 5.1a) energies and for polyimide at high energies (figure 5.3c and 5.3d) . In all 

cases there is often a clear central droplet, but also many other droplets of comparable 

or smaller size. In extreme cases, there is no clear central droplet. This effect could 

be caused by splashing, where material spreads out discontinuously and coalesces into 
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separate spherical caps. However, splashing would be expected to appear at a certain 

threshold energy and increase monotonically as energy increased. This does match 

the behavior we see in polyimide. For titanium we see this effect at both low and 

high energies, but not in middle energies. 

Preliminary work within the group imaging the process of droplet deposition from 

the side indicates that the ejection of material does not fit a "single voxel" model 

for MAPLE-DW or titanium deposition. Instead, as a voxel begins to sheer off the 

surface ruptures and the material falls as a spray (as shown in figure ??). If these 

voxels do not form a continuous volume when they first reach the pad, then they 

will not coalesce into a single droplet. This would be most likely when the area of 

deposition is largest relative to the volume deposited. 

(a) (b) 

Figure 5.4: Side imaging of a LIFT deposition. Initially, in (a) the material surface 
deforms continuously, but then in (b) the surface ruptures before the volume can 
pinch off cleanly. 

Finally, for the MAPLE-DW depositions, we see an additional feature- a ring or 

"halo" of spray around the droplet with no visible material between central droplet 

and the halo. It seems likely that this halo is the effect of re-condensation of the 
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ablation plume, which we expect for MAPLE. The parts of the ablation plume that 

are sufficiently diffuse and extend beyond the reach of the initial droplet will not be 

sucked into the main volume as it recedes to equilibrium shape. However, the halo 

effect goes away for a small range of middle energies (figure 5.2c). This suggests that 

the initial extent of the main droplet can potentially encompass the entire area of 

re-condensed plume. 

It seems, therefore, that the mechanism for polyimide depositions differs funda-

mentally in the way the material shears from the donor ribbon and in the absence 

of an ablation plume. The lack of splatter in polyimide depositions at low energies 

suggests that a whole droplet is pinched off of the donor ribbon, whereas MAPLE and 

titanium DRL methods deposit in a less controlled manner. Further side-imaging of 

droplet deposition would provide further insight. 

5.1.2 White Light Interferometer 

Figure 5.5: White-light interferometer image of a single droplet of Slinker compelx 
dissolved in NBA deposited using MAPLE-DW at 2/-lJ. The three dimensionality of 
the object is shown using a grayscale. 

We were also able to image a single droplet using a white-light interferometer 

(Zygo NewView 600s). Interferometry has the advantage of giving 3-dimensional 

spatial resolution. Figure 5.1.2 shows a gray-scale representation of a droplet of 

Slinker in NBA deposited using MAPLE-DW with beam energy 2/-lJ. It is clear that 
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our prediction of a spherical cap is accurate. In the future, interferometry could be 

used to directly study contact angle and surface wetting. 

5.1.3 Size vs. Energy 

Based on what we know of the physics underlying LDW, we expect that increases in 

energy will translate into increased volumes of deposited material. If the mechanisms 

for deposition off of polyimide are actually different from the simple model we hypoth-

esized, we should expect that the trend in droplet size (whether volume or diameter) 

as a function of energy would differ from that of MAPLE-DW with nitrobenyzl alcohol 

or with titanium as an absorbing medium. Furthermore, studying droplet diameter 

as a function of energy is an important step in determining parameters for when we 

attempt to fabricate continuous pads of material for devices. 
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Figure 5.6: Mean droplet size vs. laser energy for the Slinker in NBA deposited with 
a polyimide layer. 

Using ImagePro and ImageJ , it was possible to measure droplet sized based on 

the white-light images presented in Section 5.1.1. Determining what to measure for 

well-formed spherical droplets is not difficult, and the image processing algorithms 
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in ImagePro can systematically detect and characterize these spots. However, for 

depositions such as that shown in Figure 5.7, the best option was simply to measure 

the diameter of the circle that best corresponded to the area deposited over and 

rely on large sample sizes to account for this imprecision. In general, I measured 

the diameter of all 100 spots and calculated the mean value. The bars displayed 

correspond to the standard deviation from the mean of the diameter measurements . 

. " . '. , ~iil ' 
; ... ~ : ~ 

' , 0 1 

Figure 5.7: Slinker complex in NBA deposited using titanium at 8 f.1J. 

Figure 5.6 displays droplet size as a function of energy. The laser spot size was 

focused to 31±3f.1m The depositions were made across a wide range of energy. An ND1 

filter was used for laser energies of 10,12, 14,16, 20f.1J. We can see that , as expected, 

droplet-size increases with laser energy, though the large standard deviations make it 

difficult to discern a definite functional form to the dependence. 

Figure 5.8 displays spot size as a function of laser energy for the Slinker complex 

dissolved in nitro-benzyl alcohol deposited by direct absorption of laser energy by the 

solvent. The laser spot size was focused to 56f.1m and an ND1 filter was used for all 

energies. While we clearly see a monotonic growth, a more definite form is difficult 

to discern due to the large standard deviation in spot size measurements. 

Finally, we show in figure 5.9 droplet size as a function of energy for the Slinker 

complex dissolved in NBA and deposited with a titanium DRL. This trend is markedly 

different from that for polyimide (see 5.6). For the polyimide data, the trend begins 

as concave down, flattens to the horizontal at an inflection point, then assumes a 

concave up trend, while the titanium data begins as concave up, reaches an inflection 
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Figure 5.8: Mean droplet size vs. laser energy for the Slinker dissolved m NBA 
deposited with MAPLE-DW. 

point, and then becomes concave down. 

We wish to compare these observations to models. The theory covered in section 

3.1. 6 predicts that the droplet diameter, d, will vary as 

d = C· (In E + D)1/3 . 

We test this prediction by plotting the In E as a function of d, then fitting to a 

cubic function. For the depositions off polyimide, the trend does not fit. Indeed, it 

appears instead that d goes as the cube, not the cube root for these depositions. As 

for the MAPLE-DW depositions , the standard deviation are so large that, while a fit 

is possible, it is not very meaningful. However, when we fit the titanium DRL data 

presented in figure ??, the data clearly fits the predicted trend. Figure 5.10 displays 

the replotted data with the best fit. 
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Figure 5.9: Slinker in NBA deposited with Ti absorbing layer. Though depositions 
were made at higher energies, there was no longer a meaningful interpretation of 
"spot size," so these measurements are omitted 

5.2 Pad Fabrication 

For the actual fabrication of devices (OLED or OPV) , we will need to fabricate 

continuous pads of material 1 mm to 1 cm in size. A necessary step, then, in demon-

strating the viability of this technique is to show that the resolution and control 

demonstrated in the droplet arrays described in 5.1.1 can be translated into size con-

trol, reproducibility, and edge resolution in continuous pads. We sought to fabricate 

pads with all three deposition mechanisms and characterize the resolution and control 

attainable with each of the three deposition mechanisms. 

LIFT produces droplets, so any design we fabricate must be built up from in-

dividual droplets. To fabricate pads we can use the same design as for the droplet 

arrays described above and simply reduce the space between laser pulse firings to the 

approximate diameter of the droplets themselves. For example, consider depositions 

at a laser energy that typically gives a 50 !JJ diameter droplet. For all the droplet 

arrays, we spaced the droplets 500 !Jm apart so there was absolutely no interaction 
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Figure 5.10: Plot of the log of energy as a function of droplet diameter for deposition 
of the Slinker complex dissolved in NBA using a titanium DRL 

between neighboring droplets. When the spacing is reduced to around 100 !Jm, the 

droplets will begin to run together. As the spacing is further reduced, larger groups 

of droplets run together until at around 50 !Jm spacing (the diameter of the droplet), 

the entire array forms a single, continuous pad of solution. 

After we obtained the results presented in 5.1.3, we could anticipate a ballpark 

for the maximum spacing between laser firings necessary to produce continuous pads. 

Smaller droplets should also create a more sharp edge and give more precise control 

over pad size. Therefore, we were interested only in creating pads at the lowest 

energies of the middle laser energy regimes in which we had the most uniform, well-

formed droplets. 

5.2.1 Nitro-benzyl Alcohol 

Of the three techniques, depositions using nitro-benzyl alcohol as the absorbing layer 

require the least amount of materials and manual preparation. Therefore, I studied 

pad creation using NBA absorption most extensively. I varied the translation distance 
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between laser pulse firings d to progressively smaller values to see how the spacing 

of droplets related to pad quality. I also experimented with laser energies at the low 

and high ends of the range with best control. 

In previous experiments, I had found the average droplet size at 3 j1J to be ;:::::; 

50 j1m. Figure 5.11a shows that even for d = 100 j1m, twice the diameter of the 

droplets, there was already a great deal of running together. When spacing was 

reduced to d = 75 j1m, droplets coalesced into much larger continuous volumes (see 

figure 5.11b). However, there was a great deal of space between the jumbo droplets. 

Finally, when spacing was reduced below the diameter of the droplets to d = 50 j1m, 

a continuous pad was formed (see figure 5.11c)). 

(a) d = lOOj.lm (b) d = 75j.lm (c) d = 50j.lm 

Figure 5.11: Slinker in NBA deposited at 3j1} by direct absorption 

Similar results held for experiments at 5 j1J laser energy, relative to the scale of 

the droplets, as shown in figue 5.12. As we can see in figures 5.12a and 5.12b, there 

is connectivity between droplets even when the spacing is larger than the average 

diameter obtained from section 5.1.3, 115 j1m, while there are still large sections of 

discontinuity. When the spacing decreases below the average diameter to 100 j1m, we 

see a continuous pad. However, we notice that individual droplet shapes are apparent 

at the border. Comparing figure 5.11c and figure 5.12c shows that the droplets are 

larger with 5 j1J laser energy. 
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(a) d = 200j.lm (b) d = 160j.lm (c) d = 100j.lm 

Figure 5.12: Slinker in NBA deposited at 5f.-lJ by direct absorption 

5.2.2 Titanium 

Pads fabricated using LIFT depositions with a titanium DRL differ little from the 

results described above for MAPLE depositions with NBA. I used the results shown 

in sections 5.1.3 and 5.1.1 to determine a suitable energy. When droplet spacing 

was reduced to below the average droplet diameter, the deposited material formed 

a continuous pad with edge resolution comparable to the previously found droplet 

array resolution. 

5.2.3 Polyimide 

I was unable to fabricate a continuous pad of ink by a single deposition using a 

polyimide absorbing layer. When spacing between laser firings is reduced to the 

approximate size of the deformations made in the sacrificial polyimide layer, the de

formations begin to overlap, becoming non-uniform, and leading to tearing in the 

polyimide film. This was not an issue with either of the other techniques. With 

MAPLE-DW the sacrificial layer is the liquid ribbon and it quickly (within the time 

between laser firings) reforms after material is ejected. For titanium, a single deposi

tion vaporizes a small amount of titanium and does not significantly affect the layer 

as a hole, so the same layer of titanium can be used for several depositions before 

there are any changes in results. 
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Since the size of the deformations in the polyimide roughly corresponds to the 

size of the deposited droplets, and the spacing between droplets must be reduced 

to less than the diameter of the an individual droplet to achieve a uniform pad, I 

could not generate a continuous pad without significantly damaging the polyimide 

and ruining the sample. Figure 5.13) displays a pad of ink deposited off a polyimide 

layer and the polyimide film imaged under white-light after the deposition has been 

carried out. The circles show the areas of deformation due to ablation. This figure 

demonstrates how even before droplet spacing is reduced enough for a continuous 

pad, the polyimide deformations are too close. 

(a) Wet Pad (b) Sacrificial polyimide layer 
after deposition 

Figure 5.13: Slinker in NBA deposited at 20I1J, 50l1m spacing using a polyimide thick 
film absorbing layer 

There are a number of possible solutions, however. On the one hand, while we 

did not vary the donor ribbon thickness at all during our experiments, increasing the 

thickness offers the possibility of depositing greater volumes of liquid relative to the 

laser spot size. It might be possible to increase the volume enough to string droplets 

into continuous pads without pushing the deformations in the polyimide too close. 

Alternatively, we could deposit onto a surface where the solution has a lower surface 

tension. Then the same deposited volume would create a larger droplet because the 

contact angle would be smaller (see 2.1.1 and 2.1.3). Easiest, however, would simply 

be to make multiple passes over the same area of substrate. This last technique has 

already been applied to other systems successfully. 
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5.3 Luminescence 

In addition to imaging droplet arrays with white-light, samples were also sent to 

Swarthmore College for Corey White to image the luminescence (Leica SP2 confocal 

microscope). The advantages of luminescence imaging are twofold. First, they allow 

spectral measurements of the luminescence. If the titanium DRL is causing contam

ination of the deposited droplets with titanium particles, the spectra of the samples 

should be shifted or supressed compared to samples prepared with MAPLE-DW or 

a polyimide absorbing layer. The spectra should also be shifted or suppressed if the 

compound were thermally damaged, and these effects should increase with laser en

ergy. Second, it is difficult to use white light to image the dried samples because 

the Slinker complex does not show up well. However, since the Slinker complex is 

luminescent, it is easy to observe in the Leica SP2 confocal microscope. 

5.3.1 Spectral Shift 

Corey White made preliminary spectral measurements of stimulated emISSIon at 

Swarthmore College. These measurements were performed both on samples deposited 

with MAPLE-DW and with a titanium DRL. For all samples measured, the shift in 

the emissions spectra was no more than the 3 nm resolution of the instrument used 

both between two spatial separated regions of a single sample or between two samples 

of different energy. Figure 5.14 displays the spectra of several MAPLE-DW deposi

tions. The low sensitivity of the measurement apparatus leaves the possibility that 

there is still damage occurring during some depositions, but that the spectral shifts 

produced are smaller than 3 nm. As of this writing, more sensitive measurements 

are planned which will be made using a new system in Professor Catherine Crouch's 

laboratory at Swarthmore College. 
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Figure 5.14: Spectra of stimulated emission of dried MAPLE-DW depositions of 
Slinker in NBA. The energies displayed were made with a faulty energy meter, but 
the relationships between energies are still valid, even though the absolute values are 
wrong. Data courtesy of Corey White 

5.3.2 Drying 

Droplet size was measured for images of wet samples. However, the end application 

requires all of the solvent to be removed. With simple white light imaging, it is diffi-

cult to see accurately the features of dry droplets. Using luminescence, the features 

are more visible and the luminescence intensity should correspond to the concen-

tration of material. Therefore, luminescence imaging allows us to identify the final 

distribution of material. While we have yet to exhaustively image dried depositions, 

the preliminary work has suggested several things. 

When the Slinker luminophore was not put into solution, but rather remained in 

a suspension using dimethyl-sulfoxide (DMSO), the drying showed clearly the "coffee 

ring" effect discussed in section 2.2.1. As shown in figure 5.15, there is a brighter 

outer ring, and dimmer inner ring, with essentially no material in the absolute center. 

This suggests there is a de-pining of the contact line towards the end of the drying 

time. 
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Figure 5.15: Fluorescence of a dried droplet of the Slinker complex, after being de
posited in suspension of DMSO using MAPLE-DW. Image courtesy of Corey White. 

When the luminophore is put into solution, however, a more curious effect arises. 

Specks appear when the dried droplets are imaged under white light, and fluorescence 

images confirm that these specks are concentrated luminophore. Figure 5.16 displays 

speckling in both white light and fluorescent imaging. 

(a) white light image (b) fluorescence image 

Figure 5.16: Fluorescence of a dried droplet of the Slinker complex, after being de
posited in solution of NBA using MAPLE-DW. N.B. the difficulty in understanding 
what the image represents in the absence of luminescence 

In some cases, such as the droplet shown in figure 5.17a, an outer concentrated 

ring is identifiable, in addition to the specks. However, in other cases such as figure 

5.17b, there is no perceptible "coffee ring" effect. We see only speckling. We also 

note in the above cases that the circular shape of the droplet is not preserved exactly. 

Rather, the end shape of drying seems rather unpredictable, as is clear in figure 5.18. 

These drying phenomena are not common to LDW + depositions. Typically, the 
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(a) (b) 

Figure 5.17: Fluorescence of two dried droplets of the Slinker complex, after being 
deposited in solution of NBA using MAPLE-DW. In (a) we see a faint , but noticeable 
"coffee ring," but in (b) we see no ring. Image courtesy of Corey White. 

(a) 10 pJ (b) 10 j1J 

(c) 10 j1J (d) 6 j1J 

Figure 5.18: Fluorescence images of several droplets of Slinker in NBA deposited using 
MAPLE-DW at several energies after NBA was dried away. Excitation wavelength 
was 480 nm. 

depositions either stay wet, as is the case for many biological applications, or the ink 

is a thick suspension of some molecule in a liquid. For example, the same LDW + 

process applied to ruthenium capacitors used a much thicker ink, where the volume 

ratio of suspended molecules to liquid is so great that the removal of the liquid medium 

does not significantly alter the system [5]. 

In particular, we are interested by the specks of concentrated luminophore. Fur-
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ther work must been done to clarify their formation, but currently our best guess is 

that these specks are a result of localized re-crystallization. As the solvent evapo

rates, solute molecules fall out of solution and precipitate onto the substrate. If re

crystallization is occurring, then it must be more energetically favorable for a molecule 

to precipitate where other molecules have already been deposited, thus forming nano

or microcrystals. 

The presence of the speckles was unexpected, because when films of Slinker com

plex are deposited by spin coating a solution of Slinker complex in a mixture of NMP 

and DMSO or in acetonitrile (both of which dries quickly at room temperature), the 

material is deposited in a uniform amorphous film (see figure 5.19) with no observable 

speckles. Evidently, this differs from the drying process we observe in our samples 

(as shown in 5.18). 

Figure 5.19: Aceton and Slinker solution deposited by spin coating 

It is unclear what effect this phenomenon might have on device fabrication. Re

crystallization such as this could interfere with charge transport if there is not enough 

charge carrying material in between the crystallites. If nano-crystals are present in 

addition to the micro-crystals we can observe, there could also be quantum confine

ment effects. These effects are extremely complex, but could lead to such behavior as 

shifted absorption. At this point it is impossible to predict whether such phenomena 

would affect device performance positively or negatively, if at all. 

From a practical standpoint, these results are disconcerting. The resolution I 

achieved in wet samples does not carry through to device fabrication, for even if we 



5.4. Other Salts 77 

can fabricate a wet pad with sharp, well defined edges, this sharpness disappears af

ter drying, in non-uniform and (thus far) unpredictable ways. Furthermore, we know 

that effective devices can be made out of amorphous uniform films, but we do not 

know whether effective devices can also be synthesized with films having inhomoge

no us micro- and nano-crystallization. We would need to fabricate devices with both 

amorphous and in homogenous pads and compare the electro-luminescent properties 

to determine the effect. Such experiments were outside the scope of this thesis, but I 

will discuss in the following chapter experiments to further the understanding of how 

the phenomenon arises and how it might be eliminated. 

5.4 Other Salts 

Eventually, we hope to apply this technique to fabricating OPVs and OLED displays. 

In both cases, it is necessary to deposit several different luminescent salts in close 

proximity, and so we must be able to have control and resolution in printing not just 

with a single ink, but with inks containing several different compounds. 

The second luminophore we studied was a ruthenium complex. This molecule's 

emission peak most strongly in the red area of the spectrum, whereas the Slinker 

complex peaks in the yellow. Therefore, it could be combined with the Slinker to 

make OLED displays. Furthermore, the electronic structure is complementary to the 

Slinker molecule so that they could be paired in an OPV. In addition, the molecule 

dissolves well in NBA, so we did not need to significantly modify our methods to 

perform depositions with it. 

We performed depositions of the ruthenium complex dissolved in NBA using a 

titanium DRL. The same trend with laser energy appeared again when we deposited 

the ruthenium salt instead, as shown in figure 5.20. At lowest energies (see figure 

5.20a), the deposited material does not form a uniform central droplet. In a middle 
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(d) 5 j.1J 

Figure 5.20: Ru(Ir) complex in NBA deposited using titanium 

Results 

regime, there are well formed droplets such as those shown in figures 5.20b and 5.20c. 

Finally, we lose uniformity again at higher energies (see figure 5.20d). It is reassuring 

that we get the same general behavior for both salts, since there is no reason to expect 

the salt to affect the actual deposition mechanism. 

Nonetheless, the droplets are not identical in size or character. We see interest-

ing behavior especially at high energy, where the volume seems concentrated on the 

perimeter of the deposition area, rather than in a central droplet. It is also inter-

esting to note that a halo appears here while it did not in Slinker depositions off 

titanium. Such differences, however, are to be expected, since it is likely that the 

surface energies (and thus contact angles) of the solutions of the two luminophores in 

NBA are different. If the contact angles differ, the material will draw up or spread 

out differently. 

We performed several other preliminary experiments as well, but need to extend 

this work to round out our knowledge. The droplet behavior is close enough that it was 

not difficult to fabricate pads in the same way as with the Slinker complex. We also 
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deposited both droplet arrays and pads using MAPLE-DW. We have not performed 

depositions off of polyimide, yet, but based on the results for titanium and MAPLE

DW techniques, this should be easily done. We also have not yet had a chance to study 

luminescence spectra to look for material damaging with the ruthenium complex nor 

have we looked at droplet and pad drying to compare to the behavior observed with 

the Slinker complex. These experiments must be done before we can progress to 

side-by-side depositions. 
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6.1 The Ring 

The ring or halo present in wet MAPLE-DW and titanium DRL depositions as shown 

in figure 6.1 represents a potential barrier to control. Material is being deposited on a 

greater area than our droplet resolution. If we attempt to create an interface between 

two materials, this effect would make it difficult to minimize cross-contamination be-

tween materials, and,it is unclear what effect some cross-contamination would have. 

It may be that some splattered material along the boundary does not have an appre-

ciable effect on the overall function of the device. 

'. 

Figure 6.1: Deposition of Slinker complex dissolved in NBA using MAPLE-DW, laser 
energy 3 MJ. A ring of material is present around each droplet. 

If the halo effect arises from too little material spread over an area too great to 

have stable wetting, it might be possible to eliminate the halo either by increasing 

the thickness of the donor ribbon or by increasing the wetting of ink on the substrate. 

Increasing the ribbon thickness should increase the volume of material being deposited 

over the same area. To achieve the equilibrium contact angle , the material would 

therefore take on the shape of a spherical cap with a greater diameter. On the other 

hand, if we increase the surface wetting, the same volume of deposited material will 

spread out over a greater area. In both cases, the area of re-condensed ablation plume 

should not be affected, and so the area of "main deposition" would increase relative 

to the area of re-condensed ablation plume, potentially as much as to completely 

eliminate the halo. 
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6.2 Viability of Technique 

While there are further experiments that must be done for a complete understand

ing, we can pause here to evaluate the viability of LIFT for printing OLED and OPV 

devices made of small-molecule organic luminophores. We have demonstrated accept

able resolution with wet droplet depositions, and good control within certain energy 

regimes except for some statistical variation in droplet size for a fixed laser energy. 

I begin by discussing this inconsistency. I next discuss the more significant barrier 

facing this technique: drying. To conclude my assessment of the technique's viability, 

I will compare the effectiveness of the three deposition mechanisms. 

6.2.1 Droplet Size Inconsistency 

We notice significant error in our measurements of droplet size as a function of energy 

presented in section 5.1.3. We expect some variation due to fluctuations in laser 

energy. The droplet arrays are created row by row, so the variations in laser energy 

should be visible as variations in droplet diameter along a row of droplets. As laser 

energy fluctuates higher, several droplets in a row would have a larger diameter than 

neighboring droplet. The field of view of the camera we used for imaging is restricted 

compared to the total field of view of the microscope, so it is difficult to observe any 

variations within the images we took. However, when observed directly through the 

microscope, the variations in droplet size we can see are not just along rows, but 

rather are an area affect, so that droplet size tends to correlate not only side to side, 

but above and below as well. Therefore, we look elsewhere for the source of this trend. 

By prior work done within the group it is understood that donor ribbon thickness 

is an important parameter in determining droplet size. However, we have not yet 

characterized the donor ribbon. It is possible that the film surface created by a 

wire-coater is not flat, but rather rippled similarly to the surface of the wire-coater. 
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It is also known that contaminating particulates in a ribbon can create "pocking" 

[1]. Both of these irregularities in donor film thickness would translate into varying 

droplet size across different areas of deposition, such as we observed. Therefore, this 

is the most likely source for the size inconsistency. We could seek to address it by 

more rigorous cleaning practices or by adopting a different technique for coating the 

films, such as using a "knife-edge" . 

6.2.2 Drying 

For the technique to be viable, we must have not only controlled wet depositions, but 

the control must carry through the drying process. We noted already two significant 

drying phenomena. One is the apparent re-crystallization of Slinker complex dur

ing drying. Potential effects of such micro- or nanocrystallites in film are quantum 

confinement and disrupted charge transportation. It is not clear without doing elec

troluminescence studies if either will actually be present, and whether the effects of 

quantum confinement would be detrimental to device performance. Before proceed

ing with electroluminescence studies, however, we plan to experiment with drying to 

deepen our knowledge of the phenomenon. 

The other drying effect we observed with fluorescence was the drying of droplets 

into irregular shapes, including droplet shrinking and the coffee ring effect. These 

effects have been observed with white-light even more dramatically in pad drying, 

although the data here is so far limited. These effects pose a serious roadblock 

to the control of material deposition for device fabrication. Further research will 

be necessary to see if altering drying parameters (temperature, degree of vacuum) 

or surface tension (substrate composition or treatment, solvent choice) can have a 

mitigating effect on these phenomena. 
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6.2.3 Choice of LIFT Mechanism 

The qualitative data of circularity and droplet size clearly demonstrate that we have 

the greatest control of droplet size and shape with polyimide deposition. For poly

imide depositions, there is no "halo" effect around the droplet, which seems to blur 

the edge in pad fabrication. This can be explained by the fact that an actual droplet 

forms during transfer with polyimide deposition, whereas titanium and NBA depo

sitions are a less controlled cascade of material that reforms into a droplet on the 

substrate after transfer due to surface tension effects. 

We were also able to achieve the smallest well formed droplets by depositing off 

polyimide. One reason is that for the MAPLE depositions , we had to use a consid

erably bigger laser beam width. When initially experimenting with direct absorption 

by the NBA, we attempted to use laser spot sizes closer to 30j1m. However, we were 

unable to achieve any suitable control at these small sizes. Instead we observed ef

fects such as those described in section 5.1.1 for titanium depositions at low energies, 

where material appeared more as a spray, without coalescing into a main droplet. 

We did obtain good depositions for the experiments described above with the laser 

energy distributed over an area rv 4 x the size. 

There is no reason to preclude MAPLE-DW experiments with smaller laser spot 

sizes in the future, however. Although it was beyond the scope of my project, it might 

be possible in the future to find suitable parameters by more closely probing laser 

energy, varying donor-ribbon thickness, or increasing surface wetting of the acceptor 

substrate. 

Nonetheless, using a polyimide absorbing layer seems as of now to be the most 

suitable choice of LIFT technique. If the mechanism of deposition off polyimide is 

indeed the pinching off of a droplet rather than the messier process pictured in section 

5.1.1, it is fundamentally a neater deposition process than LIFT with MAPLE or a 

titanium DRL. At present we have not successfully fabricated a continuous pad using 
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a polyimide thick-film (see section 5.2.3), but it should be possible to do so by simply 

making multiple passes over the same area. 

6.3 Further Work 

The material presented in this thesis provides the foundation for a great deal of 

further research. We successfully used LIFT to deposit small molecule luminophores 

for the first time and we characterized these depositions in terms droplet size vs. 

laser energy. We also studied further a novel LIFT adaptation in which a thick film 

of polyimide deforms under laser ablation rather than creating a plume like a typical 

DRL would. More notably, we have identified an unanticipated drying phenomenon

the microcrystallization. We also have set the stage to actually fabricate simple 

OLED devices, and by evaluating electroluminescent properties we will be better able 

to assess the viability of the technique. Further work can also be done to fabricate 

and evaluate more complicated devices. Finally, more work can be done to clarify the 

differences in deposition mechanism. 

Firstly, we wish to characterize the nucleation effect and other drying phenomena 

discussed in section 5.3.2. The better these processes can be understood and con

trolled, the greater will be the viability of this technique for serious device fabrication. 

We note that these effects are not present when pads are spin-coated from a faster 

drying solution. Our best guess now is that the effects are a function of drying time. 

We would then study the drying of droplets and pads as a function of drying time 

not only by varying the solvent, but also seeking other ways of modifying the drying 

time, such as drying under varying temperatures or pressures, using fluorescence and 

white-light to image droplets at regular intervals throughout the drying process. 

Another important future experiment is to show that the electroluminescent prop

erties of the Slinker complex are the same for material deposited with LDW as with 
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those created by spin coating. This would reinforce the spectral measurements made 

with photoluminescence in demonstrating that the techniques do not damage or con

taminate the particle. To fabricate an electroluminescent device, we must deposit 

a pad of material onto a translucent conducting surface, such as ITO glass, which 

would act as one electrode, and then place a second copper electrode over the pad. 

Surface tension effects, however, are different on ITO glass than regular glass, since 

the surface molecules are totally different. When we initially attempted to deposit 

pads onto ITO glass, the surface tension was so great that a stable pad could not be 

formed. However, oxygen etching by UV illumination changes the surface termination 

of the ITO layer. Preliminary experiments show that it is possible to deposit pads on 

oxygen etched ITO glass, but it still remains to test the electroluminescence of such 

a device. 

Synthesizing electroluminescent devices would show that we can successfully create 

an OLED. While this would be an interesting result, there is no need to use LDW to 

create a simple OLED. To fabricate the more complicated devices- OLED displays 

and planar OPVs- which this technique is specially suited for, we have to successfully 

deposit multiple kinds of phosphors and create interfaces without compromising the 

electrochemical properties of either material. We have already begun fundamental 

work with another luminophore, the ruthenium complex, which peaks in the red area 

of the spectrum, but we have yet to deposit this luminophore next to the Slinker and 

test the electroluminescence. 

As discussed previously, it would also be useful to continue imaging depositions 

from the side to further understand the deposition mechanisms. Further side imaging 

experiments across all three techniques would test whether the polyimide mechanism 

indeed differs in the ways we have hypothesized. They might also allow us to identify 

the presence or absence of an ablation plume. In both these aspects, side imaging 

would help us understand why the quality of depositions is greater when done using 
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polyimide and further our fundamental understanding of LIFT using a deforming 

plastic film. 
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Organic photovoltaic devices promise more cost-effective solar panel technology 

than current market devices by greatly reducing input costs, and small molecule 

devices do not have the same lifetime issues that hamper current polymer technolo

gies. To improve device efficiency, we would like to fabricate interdigitated interfaces 

between the two component photoactive materials rather than using typical planar 

structures. The printing of such interfaces as well as the synthesizing process for 

OLED displays require a deposition technique with high resolution. Therefore, we 

have begun investigating the possibility of using laser-induced forward transfer (LIFT) 

direct writing techniques to synthesize organic photovoltaic cells and OLED displays. 

The key to applying these techniques was to show that we could deposit the 

constituent photoactive materials in a controlled way with suitable resolution and 

without damaging the material. The luminophores we sought to work with were 

created by the Bernhard group at Princeton in coordination with the Slinker group at 

Cornell. The molecule we chose to experiment with first, Ir(ppY)2(dtb-bpy)+(PF6-), 

is one of many cyclometalated Ir(III) complexes the group has created. 

We first had to build a foundation of practical understanding for depositing these 

materials. Other electrochemical devices have already been printed using LIFT, but 

our experiments differed in a critical way. These depositions were all performed 

with thick suspensions, yet for our purposes we needed to deposit a solution. The 

familiar solvents used for depositions of materials previously studied by members of 

the Arnold group did not suitably dissolve the luminophores. Many solvents also did 

not suitably wet the donor substrates, making deposition impossible. This potential 

issue had not been previously identified, as dense suspensions tend to wet surfaces very 

well regardless of the suspending medium. Therefore, the first major experimental 

task was to determine a solvent that was compatible with the technique in terms of 

such properties surface wetting and volatility. The best fit we found was nitrobenzyl 

alcohol (NBA). 
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Next, we deposited arrays of droplets at many laser energIes usmg a deform

ing polyimide thick film, a titanium dynamic release layer (DRL), and with matrix

assisted pulse laser evaporation (MAPLE) direct write, where the solvent, NBA, 

absorbs laser energy and ablates. We found with these depositions that the greastest 

resolution could be achieved with polyimide and titanium depositions, for which we 

reproducibly printed droplets less than 50f.-lm in diameter. We then created pads of 

material, such as those that would be made for actual device fabrication, by string

ing together droplets. We succeeded in making well resolved pads for both titanium 

DRL and MAPLE-DW depositions. While we did not succeed polyimide, we believe 

that simple modification can be made to make the pad fabrication possible in future 

experiments. 

The depositions of droplet arrays also allowed us to investigate the underlying 

mechanisms of each method. A simple model for DRL and MAPLE LIFT depositions 

posits that material is deposited from areas of the donor film where the intensity of UV 

radiation crosses a certain threshold. This theory predicts a cube-root relationship 

between droplet diameter and the log of laser energy. We found that this functional 

form explains well the trend in droplet size for titanium DRL depositions, whereas it 

does not appear to apply at all to polyimide depositions. As for MAPLE depositions, 

we cannot yet draw any conclusions and will look back to the model after more data 

have been taken. 

We also wished to show that the photophysical properties are not adversely af

fected by the deposition process. Therefore, we measured stimulated emissions spectra 

for droplets deposited with each of the three techniques. This demonstrated that the 

photophysical properties of the materials were not significantly altered during LIFT 

deposition. We could further demonstrate the viability of the technique by showing 

that the electroluminescent spectra are not altered either. This work however was 

beyond the scope of this thesis. 
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Eventually, we must deposit two or more materials adjacent to each other. We 

began to work on this, by depositing a second material based on a ruthenium core. 

Preliminary work shows that the material can be deposited just as effectively as the 

Slinker complex. However, we have not investigated luminescence spectra of the 

material post-deposition. We also have yet to deposit both materials adjacent to one 

another. These tasks are left to future work. 

Using fluorescence imaging to look at droplets after the nitrobenzyl alcohol had 

evaporated away, we identified a serious shortcoming to LIFT depositing solutions 

of small molecules. While resolution and control were both acceptable during wet 

depositions, drying processes led to several confounding phenomena. In many cases 

the material is not evenly distributed after drying, but tends to deform from the ini

tial circular shape. An example are those cases in which we observed a "coffee ring" 

formation. We also observed nucleation in droplet and pad drying. This effect does 

not arise when the Slinker complex is spin-coat deposited with higher volatility sol

vents such as acetonitrile, and so its presence is somewhat of a mystery. Further work 

is necessary to better understand how this phenomenon arises and also to ascertain 

whether it presents a roadblock to fabricating effective devices. 

In light of all this, LIFT holds promise for synthesizing organic photovoltaic de

vices and OLED. Before device fabrication is possible, it will be necessary to under

stand better the drying mechanisms, and to control them in such a way as to preserve 

the resolution and uniformity of the wet depositions. Once drying is understood, the 

foundational knowledge of this thesis could be easily applied to print not only sim

ple OLEDs with only a single photoactive compound, but also side-by-side displays. 

From there, it is only a short jump to creating basic OPV's. 


