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Abstract

Photolithography’s accuracy and scalability has made it the method for sub-micron-
scale definition of single-crystal semiconductor devices for over half a century. Unfor-
tunately, organic semiconductor devices are chemically incompatible with the types
of resists, solvents, and etchants traditionally used. This work investigates the use of
a chemically inert resist that relies on phase changes for lift-off patterning thin films
of organic semiconductors and metals.
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Chapter 1

Introduction

RGANIC semiconductors devices are thin and efficient, but have yet to live
up to their full potential as the basis of cheap optoelectronic devices. The
problem is not one of material costs, but of obstacles to patterning for

large-scale fabrication. This work provides an alternative manufacturing technique
employing phase-change resists that may allow for the retirement of the fine-metal-

masking methods currently used.

This chapter introduces the working principles, commercial status and potential
of organic light-emitting diodes. It also explains how a dry lithographic process could
overcome present challenges in scaling up production of OLEDs on larger sizes of

mother glass.

Chapter two introduces the sublimable mask patterning idea and provides a step-

by-step overview of the process.

Chapter three describes the approach and design of a proof-of-concept implemen-

tation using carbon dioxide ice as the resist.

Chapter four summarizes the results and describes options for large-scale pat-
terning of the resist and the under- and overlying thin films. We briefly discusses

limitations of techniques and the feasibility of such a process.
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Table 1.1: Typical display specifications of current competing mobile displays.[3][5][1]

Display Size (in) | Resolution | Technology | Maximum ppi
Apple iPhone Retina 3.5 960x640 LCD 326
Samsung AMOLED 3.5-4.3 800x480 AMOLED 260

Super LCD 3.5-4 800x480 LCD 260

1.1 Organic Light-Emitting Diode Displays

A 32-inch full high-definition television (HDTV) requires a pixel size of a 370um-per
side square further broken up into 3 subpixels: one for red, one for green and one for
blue to reproduce the necessary colors required for full-color. Having features with
dimensions of about 120um necessitates patterning accuracies on the order of 10pum
or less. For larger displays of the same resolution the pixel dimensions are larger and
for smaller displays the definition is even tighter.

The highest resolution displays are found in mobile electronics like smartphones.
They must reproduce great amounts information clearly on a screen of about 4 inches
or less. The size, resolutions and pixel-per-inch (ppi) specifications of some of today’s
best displays are shown in table 1.1. 326ppi corresponds to a pixel pitch of about
80pm; 250ppi is more like 100pm. OLED manufacturers are at present unable to

realize pixel pitches less than 100pm due to the problems laid out in section 1.2.

1.1.1 Current Commercial Status

OLED TVs are currently available, but only in 11-inch and 15-inch and not in full
high-definition. Samsung is the OLED industry leader and will open a new $2.1 billion
5.5th-generation 5.5 OLED factory in the summer of 2011 to produce larger active-
matrix OLED HDTVs[13][31]. Samsung will also increase its yearly investment in
OLED technology by a factor of four from 2010 to 2011, about $4.8 billion, matching
its investment in liquid crystal display technology [32].

The current organic electronics market stands at almost $2 billion and is expected

to increase to $5.5 billion by 2015[14][15]. In 2010 Samsung Mobile Display announced

14
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Figure 1-1: Dimensions of subpixels making up each of the 2 million pixels in a 32-inch
HDTV. The area obstructing the top of the pixel is from the driving transistors.

that after years of investment, the OLED division is now profitable[27]. It is of interest
here to note that the market contribution from televisions is negligible at this time,
so there is much room for growth. Reducing the cost of OLED displays by solving
yield and scaling complications is key. It is expected that by 2015, OLED HDTVs
alone will be a $2 billion industry[14][24].

1.1.2 Structure of an OLED

OLEDs have a simple general structure and principle of operation. The first OLED
demonstrated by C.W. Tang and S.A. VanSlyke in 1987[39] consisted of a monopolar
transport layer and an emissive layer sandwiched between a transparent anode and
an alloyed metal cathode. Today’s OLEDs are a little more complicated: they make
use of both singlet and triplet excitons for light generation[8], quadrupling efficiencies
efficiencies relative to those devices relying on fluorescence alone[9]. Modern devices
consist of an anode, hole-injection and hole-transport layers (HIL and HTL, respec-
tively), host and dopant materials, electron-transport and electron-injection layers
(ETL and EIL, respectively), blocking layers and a cathode. The anode or cathode
must be transparent to allow light emission.

The reason for so many layers is to boost efficiency by increasing the probability of
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charges recombining and, in turn, generating light. Electrical current is run through
the device resulting in holes from the anode and electrons from the cathode meeting

at a charge recombination interface.

1.2 Motivations for an Alternative Patterning Pro-

cess

The only OLED displays that have reached profitability are in the small and mobile
display markets. While larger displays are available, quantities and choice of products
are limited and prohibitively expensive. The prices of larger displays would come
down if the generation of display production (which corresponds directly to the size
of the mother glass that the displays are grown on) were able to increase. This is
currently limited by manufacturing processes.

The main competitor to OLEDs is liquid crystal displays (LCDs)(which are made
in production plants rated about five generations higher than those of OLEDs). While
an inherently more complicated design (involving polarizers, color filters, spacers, and
liquid reservoirs[35]), their photolithography-compatible materials allow for simple
scaling up of pixel electrode, transistor and color filter definition, thereby allowing

larger mother glass production and consequently greater throughput.

1.2.1 Fine-Metal Masks

Current OLED patterning technology uses thin sheets of steel (see figure 1-2) that
are used to define pixels during the thermal evaporation of organic semiconductors
and metals. Placing these fine-metal masks (FMM) across sheets of glass to produce
features on the order of 10um introduces complications.

FMDMs are fragile and, due to the nature of the masking process, must be cleaned
after a number of growths to prevent defects caused by debris. This puts stress on
the features of the mask and can result in tears and bending. They cost on the order

of $200,000 and need to be replaced every one to two months. Moreover, tempera-
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Figure 1-2: A fine-metal mask used for arrays of OLED subpixels[40].

ture deviations during the deposition can cause thermal expansion and contraction
limiting the feature size.[38] Because the mask is not projected, but instead renders a
1:1 reproduction, incorporating multiple masks in a fabrication line requires tedious
alignment.[21] This puts a bottleneck on throughput that, if eliminated or improved

upon, would greatly reduce costs.

1.2.2 Inkjet Printing

Inkjet printing is another potential method for full-scale fabrication of organic elec-
tronics. is printing via inkjet. The oft-touted benefits include production without
vacuum equipment, low operating costs and high material-use efficiency. An inket
head operating on an XY-stage may also allow for simple pattern programming.
Unfortunately, inkjet printing has its own limitations. Such an inherently se-
rial process requires and enormous number of printing heads to allow for reasonable
throughput[37]. Even then, the organics in such a system must usually be put in so-
lution before being printed requiring the replacement of many industry-leading small
molecule organics with molecules with poorer performance. (It should be noted that
this material limitation is not the case for molecular jet printing technologies[12].)
Printing solutions also have issues with drop uniformity due to surface tension during

the evaporation of the solvent[36][18][21], but this is actively being researched.
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1.2.3 Photolithographic Processes Involving Solvents

Photolithography is widely used for patterning in the semiconductor industry, but is
difficult to apply to the production of organic semiconductor devices. While solution-
processable polymer devices have been photolithographically patterned[41], the re-
sists, solvents and etchants are chemically incompatible with small-molecule organic
semiconductors. More general photolithographic processes have required an interme-
diary polymer barrier [19] or the use of super-critical COy [25]. The work proposed
here investigates the use of a dry chemically inert phase-change resist that can be

deposited and patterned in situ.
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Chapter 2

The Sublimable Mask Lithographic

Process

HE concept and process of sublimation mask lithography are described in
detail. While the idea and work here were developed independently, it is
important to mention that similar methods were investigated by IBM in

the late seventies[26] and early nineties[16] and by the Harvard Nanopore Group at
Harvard University more recently[28][10][22]. But this is the first time that the dry
nature of the method has been explored for use in patterning organic semiconductor

devices.

2.1 Theory of Practice

Below a certain pressure and above a certain temperature, materials sublimae: they
directly transition from solid to vapor without passing through a liquid phase. De-
position is the reverse transition. A phase diagram showing this region is seen in
figure 2-1. As previously mentioned, a dry process is necessary for the production of
organic semiconductors due to their sensitivity to traditional solvents. Depositing a
material on a substrate whose phase can be easily changed between solid and vapor
would make a versatile, clean and dry mask suitable for patterning.

The heat delivery requirements () to sublime a solid of mass m, with specity heat
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capacity cy, and heat of sublimation hg are

Tsub
Q= m/ cydT + mhg[20] (2.1)
T;

= m(cy AT + hg) (2.2)

Because the change in temperature AT (the change from the initial tempera-
ture T; to the sublimation point T, required to bring the mask to the sublimation
point is no more than 30°C, ¢y is much less than its room temperature value of 37.1
J/molK[33] for the temperature regions of interest here and hg is 26.1kJ/mol[7] for
carbon dioxide, most of the heat going into the mask is required of sublimation rather

than temperature increase, so

Q = m(c,AT + hg) ~ mhg (2.3)

Liquid
Solid

Pressure

Gas

Temperature

Figure 2-1: General phase diagram. The arrow shows the ideal region of operation
with respect to sublimation lithography. Deposition of the mask takes place along
the low temperature region of the arrow and sublimation and lift-off take place along
the higher temperature region of the arrow.
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2.2 Process Flow

In practice, there are other necessary considerations. Heat exchange with gas molecules
at higher pressures causes the temperature to significantly fluctuate. The mask ma-
terial would be very ineffective at the sublimation point due to the heat capacity
and heat of deposition. The system temperature must therefore be kept significantly
below this critical point for the resist material to be perform as intended. To raise
the temperature of the sublimation point, the mask is deposited at a higher pressure
to ensure that a higher portion of the gas is solidified. The pressure is later reduced
for the deposition of the thin film. Figure 2-2 shows an updated phase diagram to

reflect these details.
Liquid

Deposition of

Solid Maesk

Deposition of

Thin-film Sublimation/

Lift-off

Pressure

Gas

Temperature

Figure 2-2: Phase diagram reflecting full process flow parameters. The defining of
the mask pattern is performed immediately prior to the deposition of the thin film.

With the substrate at higher pressures and low temperature (so as to be well inside
the solid portion of the phase diagram), the resist gas flows at and across the substrate
where much of it deposits on the surface (part (a) and (b) of figure 2-3. Next, the mask
is selectively patterned exposing the substrate to allow for the imminent neat films

of the desired material to remain as intended post lift-off (part (c¢)). The thin film
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is then grown over the mask at high-vacuum (part(d)). Following this, the substrate
temperature is brought up to sublime away the mask which carries the undesired
regions of thin film along with it (part(e)). These steps can be performed again and

again as needed to build multi-layer devices.

(a) Cooled (b) (c)
| | I- o.-..-...-...-...-..:...-..:...-..:I |' BRI

e ® 0% e 3%
(AR E SN

(d) (e) (f)
I e |

[ |Glass k=i Phase-change resist [ ] Organic1 [ Organic 2 [] Metal

Figure 2-3: Simplified process flow for sublimation lithography. (not to scale) (a)
Begin with a cooled substrate to facilitate resist deposition. (b) Deposit resist. (c)
Selectively pattern resist. (d) Deposit desired thin film. (e) Lift-off resist leaving
patterned thin film. (f) Repeat as necessary to complete device.
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Chapter 3

Proof of Concept

THE resist is patterned two ways in the sections that follow. Photolithography is
the third seemingly more elegant method and is considered, but found to be

impractical for the proof-of-concept material used.

3.1 Required Demonstration

A small research-scale investigation is necessary to gauge the practicality of a full-
scale sublimation patterning implementation. The basic principals of operation must
be demonstrated and fundamental limitations must be observed. If realizable, the
accuracy, repeatability, and resolution must be evaluated. Commercialization would
require evidence of 10um or smaller accuracy, as mentioned previously, as well as

some proof of yield and high throughput.

This work is proof of principle for the fabrication of small-molecule organic semi-
conductor devices. An existing thermal evaporator served as a testbed for the original
concept and all deviations therefrom. It was modified and refashioned as necessary
to accommodate improvements upon steps of the process or to approach parts of the
process from different angles. Full proof of commercializability would require a full-
scale evaporator built from the ground up with sublimable mask lift-off patterning in

mind, rather than a small research-scale system.

23



3.2 Experimental Setup

The experimental setup had to allow sufficient control of the process parameters
outlined in section 2.2. We have a thermal evaporator attached to a glovebox, designed
and built by Angstrom Engineering, that was easily modified to meet the processes
needs. The dry and inert nitrogen environment of the glovebox is crucial to avoid

water condensation on the substrate.

No substrate cooling was in place, so the rotating substrate holder was replaced
with a liquid nitrogen reservoir. A flange with tapped holes allowing for a mounted
substrate holder made up the bottom of the reservoir so the holder could be in nearly
direct contact with the liquid nitrogen. Temperatures as low as -165°C were mea-
sured at pressures of 107% Torr with a type K thermocouple cemented to the surface
of a like substrate. The difference between the surface temperature and that of boil-
ing liquid nitrogen (-196°C) is attributed to the thermal conductivity of glass and
steel. Indium foil inserted between each mating surface improves thermal conductiv-
ity. More traditional cryogenic thermal greases were abandoned because of their high

photoluminescence and difficulty to cleanly work with in the glovebox.

Four feedthroughs (figure 3-1)allowed for observation and finer control of the
frozen mask: a feedthrough for the aforementioned thermocouple, a four-pin elec-
trical feedthrough, a 1/4" steel tube feedthrough, and a universal serial bus (USB)
feedthrough. These allowed for temperature measurement, current sourcing (which
will be elaborated on in 3.2.1), gas flow for resist deposition, and use of USB periph-
erals respectively. A USB hub with an attached light and webcam allowed for in situ
optical observation.

A substrate holder was machined out of aluminum. Holes in the corners allowed
for direct mounting to the bottom flange of the reservoir, while clips for securing
the substrate and any electrical probes were located along the perimeter, as seen in
figures 3-2 and 3-5. The center, though, was left in tact and smooth to minimize

thermal resistance.

Just below the holder, a copper tube is connected to the 1/4" steel tube feedthrough
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Figure 3-1: The side of the evaporation chamber showing the feedthroughs and liquid
nitrogen reservoir.

and aimed at the substrate for COy gas flow. The camera is clipped to this tube out
of the way of organic material sources and thin film thickness sensors. A mass flow

controller is connected on the outside end of this tube for gas flow rate control.

Carbon Dioxide as a Resist

Carbon dioxide is a natural choice for a sublimation resist. It is chemically inert, and
its sublimation point is easily accessible with to a thermal evaporator equipped with
liquid nitrogen cooling and simple heaters. As phase data was not readily available for
the low pressure and temperature regime of this study, we extrapolated existing data
with a thermodynamically fit trend to better understand how COs, would behave in
our setup. COy’s phase diagram and our extrapolation with pressure and temperature

extremes of the experimental setup is shown in figure 3-3.

25



Figure 3-2: Flange making up the bottom of the liquid nitrogen reservoir. The
substrate holding plate is bolted in with a glass sample tighyly secured. The thermo-
couple can be seen towards the top of the image mounted with a bolt.

3.2.1 Patterning the Resist with Resistive Heating

We selectively patterned the CO5 mask by resistively heating a photolithographically
predefined conductor on the substrate surface. OLEDs commonly feature a layer
of the transparent conductor indium tin oxide (ITO), so we used that as a realistic

testbed.

The power P through any circuit element is given by
P=1V (3.1)

where [ is the current passing through the element and V' is the voltage across that

element. By Ohm’s law,

V=IR (3.2)
where R is the resistance of the circuit element. The resistance depends on the
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Figure 3-3: CO, phase diagram datal[4], extrapolated by Nicholas Thompson for the
low pressures and temperatures required for this process. Key points are noted.

resistivity p, the area A and the length [ by the relation

[

From equation 2.3, we find the amount of heat needed to sublime away a target region

of CO3 of mass m is

l

Q ~ mhs — /0 IVt = /O * () Rat = /0 “ 2

As the ITO is essentially uniform in thickness D across the substrate and with pre-

defined lines equal in width, this can be rewritten in terms of heat for a constant
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thickness per unit width:

to
p@ ~ p™hs _ pl/ 2(t)dt (3.5)
w w 0

This leaves the current I(t) as the only active process parameter, which can be run

constant or pulsed accordingly to heat up and sublime away a desired mask region.

The ITO pattern used to test this selective sublimation method is displayed in
figure 3-4. Three 100pum-wide lines allow for three 100um-square subpixels. The six
contact pads are wider, both to facilitate electrical contact and so current passed
through a line will mostly heat the regions of highest resistance. The horizontal pad
and center-right island allow for contact with a cathode laid across the top of all three
subpixels. In this work, electrical contact in this work was made from the electrical
feedthrough to the substrate’s ITO pads in one of two ways: copper foil tape or small

probe clips (shown in figure 3-5).

After a blanket deposition of COy at 100Torr and ~-165°C the chamber was
pumped down to ~107° Torr. At this temperature, the resistance of a single 100um-
wide line of the ITO used was about 500€2. 100mA was pulsed through the line
with a Keithley 2400 sourcemeter while the mask’s selective sublimation was ob-
served via the camera. 20nm of either tris(8-hydroxyquinolinato)aluminium (Alqs), 4-
(Dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran (DCJTB)
(see Appendix A) or silver was then thermally evaporated onto to the substrate (the
choice of materials is explained below). We then vented the chamber to atmospheric
pressure, and heated the sample with a thin ~100W kapton heater (Omega Engi-
neering) sandwiched between the substrate holder and liquid nitrogen reservoir. This
forced the lift off of the CO5 mask and the undesired regions of the thin film. This was
observed by video to confirm complete sublimation. The pressure and temperature

changes here reflect those in figure 2-2.

Alqs was chosen because it is a very well known OLED material (it was part
of Tang and VanSlyke’s first devices[39]). It is also has the advantage of obvious

photoluminescence. DCJTB is another highly photoluminescent material that has
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Figure 3-4: The pattern of the I'TO used in resistive heating experiments. The black
regions are ['TO; the white regions are bare glass.

been used as a dopant with Alqs to produce red OLEDs[11]. An ultraviolet lamp
highlights the pattern resulting from the experimental procedure above, as in figure
3-6. Because the copper foil tape used to make electrical contact floats, it is poorly
cooled, so the adjacent regions show signs of COy mask degradation. Figure 3-7 shows
a micrograph of a similarly patterned line of silver. In both the images, the edges are
fuzzy and the lines are not exactly 100um wide. In large part this is because of the
difficulties in fine calibration of power delivery by camera-mediated observation. A

specially designed system would ameliorate the problem.

3.2.2 Patterning the Resist with a Stamp

We also investigated selective sublimation through direct stamping. A micron-featured
stamp could heat specific regions of the mask through contact thereby patterning the
mask. We chose the epoxy-based SU-8 photoresists to take advantage of their ver-
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Figure 3-5: A mask of CO, patterned for a 100um-wide line. The substrate holder is
rigged with probe-tipped clips for electrical contact.

satility and rapid-prototyping capabilities: structures with thicknesses ranging from

1-600pm with aspect ratios as high as 20:1[2] that can be made in a matter of hours.

With stamping, the thermal energy required to sublime the CO, mask is, from

equation 2.3,

Q = m(CVATstamp + hS) ~ th = mstampchtampATstamp (36)

Here AT4mp does not reflect the difference of initial temperatures between the mask
and stamp, but rather the temperature change of the stamp after transferring energy
to sublime away the mask. The heat transfer is a function of the stamping pressure

and time, and if it is too great will sublime away necessary parts of the mask. To
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Figure 3-6: An exmaple of photoluminescence from a 100pum-wide line of DCJTB-
doped Alqs(top), and photoluminescence(bottom-left) and a micrograph(bottom-
right) from a 100um-wide line of Alqs patterned by resistive heating of ITO.

develop this further, we could use Fourier’s law of conduction|[30]

q=—kVT (3.7)

with the relation for thermal diffusivity[30]

a=—), (3.8)

where k is the thermal conductivity and p is the density. But until we can measure
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Figure 3-7: A micrograph from a 100pum-wide line of silver patterned by resistive
heating of ITO

the thickness of the resist—and thereby estimate the surface area—this exercise is
not illuminative.

We used SU-8 2150 obtained from Microchem to take advantage of its high thick-
ness and aspect ratio potential—if the height of the features are not tall enough, we’d
risk subliming away the entire mask. The resist was spun on solvent- and oxygen-
plasma-cleaned silicon at 3000rpm to achieve features ~115um tall. A micrograph
of these features can be seen in figure 3-8. After growing a blanket of CO5 on the
cold substrate, the stamp is pressed into the frozen CO, either by hand or by a lin-
ear solenoid mounted on a rotational feedthrough. After stamping, the thin film is

deposited at pressures of ~107° Torr. The mask is then lifted off, ideally taking the
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undesired regions along with it. The last part still needs some optimization, as can

be seen in figure 3-8.

Figure 3-8: A micrograph of the 115um-tall pillar SU-8 stamp(top) used to pattern
circles of Alqgs(bottom)

Figure 3-8 suggests that either the heating fails to fully lift-off or—more likely—
the stamping methods employed are inadequate. Our hands may slip, and our me-
chanical system is not yet so perfect as to prevent twisting and shifting that would

thin or obfuscate the mask. The particular stamp’s features may also have been too
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short to make contact with the surface of the substrate without touching the rest of

the mask.

3.3 Patterning the Resist Photolithographically

While patterning the resist photolithographically would seem to be the most elegant,
for CO4 this is impractical. A look at the absorption of solid CO4 [23] shows strongest
absorption at 2.7um and 4.3um. Overcoming both heat capacity and heat of subli-
mation of actively cooled CO, would require orders of magnitude more power than is
currently available at those wavelengths—the time it would take to pattern a modern
mother glass would be beyond unreasonable. For research and development at a small
scale, it could be useful for rapid-prototyping purposes, but that has not yet been

investigated.
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Chapter 4

Conclusion

LEDs must be capable of smaller features on a larger standard mother

glass if they are to be cost-competitive with other display technologies.

Current masking techniques have fallen short of meeting those goals, but
sublimable masks are capable of filling the gap. We have used COs to show that a
sublimable mask can pattern thin films of both organic semiconductors and metals.
We demonstrated two methods of mask definition: resistive heating of the underlying
electrode and stamping. Both processes avoid the mask damage that plagues the
FMM technique, but, unlike inkjet methods, don’t constrain the deposition materials.
With the concept proved, the next step is to show that sublimable masks can
deliver at a large scale. Commercial production requires accurate alignment to the
substrate (each of the three subpixels is made of different materials), high device
yield, and low takt time. The resistive heating method would require a restructuring
of the driving backplane of the display, but 1-3um alignment accuracy has already
been shown for gravure cylinder and roll printing of electronics[29][34], and a cylinder
etched deeply enough to stamp a COy mask could work like the stamp in section
3.2.2. Cooling and heating could be pipelined to preserve takt time, but without
test devices fabricated, yield cannot at this point be evaluated. Still, there is no
reason to believe that substrate cooling during device growth would negatively affect
OLEDs, which have been known to operate at cryogenic temperatures[17], and we

foresee neither fundamental limitation to scaling this process up to larger substrates,
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nor to achieving smaller feature sizes.
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Appendix A

Molecules Used in this Work

L0

Figure A-1: Aluminium tris(quinolin-8-olate) (Alqs)[6]

O=C=0

Figure A-2: Carbon dioxide (CO,)
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N N

Figure A-3: 4-(Dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-
vinyl)-4H-pyran (DCJTB)[6]
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Figure A-4: SU-8 Photoresist|[6]
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