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Abstract

Interest in using organic semiconductors in applications such as large area displays,
photovoltaic devices, and radio frequency identification tags stems in part from their
prospects for enabling significantly reduced manufacturing costs compared to traditional
inorganic semiconductors. However many of the best performing prototype devices
produced so far have involved expensive or time-consuming fabrication methods, such as the
use of single crystals or thin films deposited under high vacuum conditions. This thesis
examines a new approach for growing low molecular weight organic crystalline films at
ambient conditions based on an organic vapor-liquid-solid growth (OVLS) mechanism using

thermotropic nematic liquid crystal (LC) solvents.
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Chapter One

Introduction to Organic Semiconductors:
Properties and Methods of Manufacture

Ever since the invention of the transistor in 1947, inorganic semiconductor
based devices have dominated the electronics industry.! Although semiconducting
behavior in an organic material (iodine-doped polyacetylene) was first observed over
30 years ago, organic semiconductors have until relatively recently been considered
little more than a novelty.? However, in the last 15 years, organic semiconductors
have begun to be viewed — and have started to be used — as viable substitutes for
inorganic semiconductor materials in certain niche applications.?* Their utility stems
from the unique properties of organic semiconductors, including their compatibility
with flexible substrates, their chemically tunable electronic properties, and their
potentially lower cost to manufacture. In order for organic semiconductor materials
to see more widespread use however, a number of issues that arise from scaling up
their manufacturing methods must be solved and their performance must continue to
improve. This thesis focuses on addressing one of these issues, namely, the need to
develop methods for preparing high quality, large area films of organic
semiconductors rapidly and at low cost.

Organic semiconductors seem to offer the greatest potential as substitutes for
inorganic semiconductors in low cost/low performance devices rather than high-
performance devices such as computer memory, due to their lower charge carrier
mobility and on/off current ratios.>® Already, organic semiconductor materials have

been used as active layers for devices such as organic solar cells,”8%10 organic light



emitting diodes,!!-12:13.14 and organic field-effect-transistors.!> In fact, the properties
of organic semiconductor materials allow for devices with distinct advantages over
their inorganic counterparts in these areas. For example, organic solar cells have been
prepared using flexible substrates compatible with mounting on a range of surfaces,
from curved roofs, to cars and even clothing.1%17 Organic field effect transistors have
been used to manufacture electronic paper,'®1° humidity and chemical sensors, 20-21-22.
pressure transducers,”® and radio-frequency identification tags.?*? Organic light
emitting diodes have shown significant advantages over traditional lighting including
use in what some observers consider to be the future standard for high resolution,
high contrast ratio televisions as well as displays which can be embedded in fabrics.26

Organic semiconductors come in a variety of forms, the three most important
being organic molecular crystals (i.e. low molecular weight organic crystalline solids),
polymers, and liquid crystals. Organic molecular crystal semiconductors, studied
both in single crystal and thin film form, currently show the most promising electrical
properties.?”  Polymeric semiconductors, however, are easier to process and thus
appear to be more suitable for printed electronics.?” Liquid crystal semiconductors
are a relatively new class of materials and have shown promising results, but have yet
to find practical application.

The performance of organic semiconductor based devices is highly dependent
upon the electrical properties of the semiconducting layer,?8.29.30.31.32,33.34  typically
characterized by its charge carrier mobility, defined as the ratio of the charge carrier

velocity to the magnitude of an applied field (to be discussed later).3>



Section 2
Charge Transport Mechanisms

Even though both organic semiconductor and inorganic semiconductor
materials are capable of performing similar functions, their mechanisms of charge
transport differ significantly. Charge transport in inorganic semiconductor materials
is characterized by band theory in which bonding and non-bonding orbitals widen to
form delocalized energy bands spanning the length of the solid. This is represented in
figure 1A, which shows an energy level diagram for a typical inorganic semiconductor.
In the ground state, the valence band is populated by bonded valence orbital
electrons and the conduction band remains empty. Excitation of an electron from the
valence band to the conduction band can occur by a number of mechanisms including
photon capture, thermal excitation, or charge carrier injection. When an electron is
excited from the valence band to the conduction band it leaves behind a positively
charged electron deficient region known as a “hole” (denoted h*) in the valence band
(figure 1B). Both the conduction band electrons and the valence band holes can be
mobile, serving to transport charge within the material. In the case of a

semiconductor under no external influence (figure 1B), the charge carriers will drift
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Figure 1: A) illustration of the delocalized band energy levels. B) Excitation of an electron from the valence band. C) Under an
applied field, charge carriers drift in a physical direction based on the field direction.
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randomly so that their total averaged velocity will be zero. Application of an electric
field results in a net flow of charge carriers within the semiconductor, and hence a
flow of current as shown in figure 1C. The speed at which a charge carrier travels
relative to the strength of the applied field is known as the charge carrier mobility, ,
measured in cm V- g1, The conductivity of a semiconductor obeys equation 1, where
Ue and pn are the mobilities of electrons and holes respectively, n as the density of

electrons, p as the density of holes, and e as the charge on an electron. 30

(1) o = enji, + epiy

Unlike the covalently bonded atoms in an inorganic semiconductor, the
molecular constituents of an organic semiconductor interact through relatively weak
van der waals forces. Consequently, they do not form the same kind of delocalized
bonding networks characteristic of inorganic semiconductors and thus charge
transport occurs via a different mechanism. Although at low temperatures where
destructive lattice vibrations (phonons, which increase intermolecular separation and
thus destroy the bands) are small, organic semiconductor materials can show band-
like transport similar to inorganic semiconductor materials like silicon discussed
above,3” the widths of the conduction and valence bands are on the order of tens to

hundreds of meV, much smaller than that of their inorganic counterparts.3?



At elevated temperatures charge transport

occurs instead by an incoherent hopping

mechanism, in which charge carriers overcome an

energy barrier to transfer or “hop” from a J—

molecular orbital on one molecule to an empty "./_\(

orbital on the next molecule. Since all organic

semiconductors contain conjugatedt systems, Ex S

. . . Figure 2: A) hopping of an electron with no
their molecularly delocalized T bonding networks api)lied field. Note that there is equal energy

requirement for transport in both directions.

. . . . B) hopping of an electron with an applied field.
are Prlmarlly involved in Chal‘ge transport' In this case, there is a high energy requirement

for the electron to hop against the field, while

. . . hopping in the direction of the field will result
Figure 2-A illustrates these hopping events for an i, 4 drop in potential.

organic semiconductor under no applied field in which charge migration is diffusive,
with no net flow of current. In figure 2-B, a bias is applied and thus charge carriers
tend to travel downhill to lower energy states. The degree of overlap between thern
orbitals of neighboring molecules largely determines the size of this energy barrier.

Consequently, highly ordered molecular

crystals with closely interacking

orbitals tend to possess the largest
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Figure 3: Film performance as measured by charge carrier

mobility. ordered and densely packed crystal
Left: X-Ray Diffractograms showing degree of film order.

Middle: Visual representation of pentacene film order.

Right: Electron mobility measurements for the three degrees structure 1is necessary for hlgh charge
of order. Adapted from [39]



carrier mobility. This is illustrated in figure 3, which shows how the degree of charge
carrier mobility in pentacene films depends on the degree of molecular order. Simply
by varying the degree of crystallinity the charge carrier mobility changes by up to 11
orders of magnitude.?® Therefore, an organic semiconductor thin film must be free of
structural defects in order to function efficiently.

In addition to structural defects, charge carrier mobility in organic
semiconductors is also highly sensitive to impurities. Impurities have severe
detrimental effects due to their ability to act as charge carrier traps (a charge carrier
trap localizes a mobile charge carrier due to strong molecule/charge carrier
interactions) as well as their ability to create lattice distortions, thus decreasing the
molecular order.’* For example, when the percentage of 6,13-pentacenequinone
impurity in a pentacene crystal was decreased from 0.17% to 0.028%, the charge
carrier mobility roughly doubled.*! Consequently, high purity is also required in
addition to a high degree of structural (crystallographic) order.

A third consideration in efforts to prepare high mobility organic
semiconductor materials is crystallographic orientation. To illustrate, figure 4-A

shows pentacene’s crystal structure,

A B
— 5
with  molecules packed in a %« Po = 4'71)5 1070m

herringbone  arrangement having

face-to-edge and end-to-end pa=1.3x10°Qm
WS, pc=21x10°0m

orientation leads to anisotropic Figure 4: Crystallographic orientation of pentacene. B) Anisotropic
resistivity of a macroscopic pentacene crystal with respect to direction
of charge carrier travel.

orientation. This molecular



resistivity based on the

pn=>5.3cm’/Vs

direction of charge carrier

(010)
. travel.#>  For charge carriers
p=18cm’/Vs
moving from face-to-edge, there
-"’ . .
(001) , exists the highest degree of T
p=53cm/Vs
Figure 5: Rubrene single crystal device patterned with electrodes. orbital overlap and thus the

Adapted from [44]

energy barrier for hopping is
small. In contrast, there exists comparatively little T orbital overlap for end-to-end
molecules and thus the energy barrier for hopping is higher in that direction. Figure
4-B shows how these properties affect charge transport in a macroscopic single
crystal. Depending on crystallographic orientation and thus the degree oft -orbital
overlap, resistivity can vary by up to three orders of magnitude.*> As another
example, the charge carrier mobility in a rubrene single crystal can also vary by
roughly a factor of three based on crystallographic orientation (figure 5).4 Therefore,
in addition to molecular order and low impurity levels, long range crystallographic
orientational order is required to produce high performance organic semiconductor
devices.
Finally, most applications of organic
molecular crystalline semiconductors involve thin
films, such as the pentacene film shown in figure 6,

which was grown by organic molecular beam

epitaxy (OMBE).% Note the random orientation  pigure 6: AFM image of a Pentacene film
grown by OMBE. Adapted from [45]



|7. i of the pentacene crystals as well as the irregular

Digtéctiic inter-crystal spacing, typical of OMBE grown

Gate

v

films. Now consider the use of this film in an

Figure 7: Top contact 6rganic field effect

transistor. application, such as the organic field effect

transistor shown in figure 7. As charge carriers travel from the source to the drain
electrodes, they encounter grain boundaries which they must traverse to move from
one crystallite to the next. Each of these hopping events presents a barrier to charge
transport analogous to a series resistor, impeding charge flow and decreasing the
overall mobility of the film. Additionally, as the crystals are randomly oriented,
mobility can vary widely over the length of the film. Thus, the final requirement for
a high quality organic semiconductor thin film is that it must be composed of

relatively large densely packed and properly oriented grains.



Section 3
Organic Semiconductor Thin Film Fabrication Methods

I will now discuss some of the most common ways of fabricating organic
semiconductor devices, including some new approaches developed in the past few
years aimed at improving upon traditional methods. Organic molecular crystal based
devices usually consist of either a single crystal or a thin film in which a large number
of crystals are packed closely together. In some cases, single crystal devices actually
rival the electrical properties of inorganic semiconductor based devices, but are
notoriously difficult to prepare and work with.

The fabrication of single crystal devices begins either with hand-picking a
crystal of the desired morphology and then manually placing it on a device substrate,
or randomly casting a collection of crystals onto pre-patterned source-drain
electrodes.?> Both methods are incompatible with high throughput manufacturing
due to the large number of delicate steps required for fabrication.*® Additionally the
hand-picking method has been shown to cause contamination and damage to the
fragile organic semiconductor crystals, which can decrease the performance of the
device.*” Solution based transfer methods offer an alternative to hand picking, but
can introduce microscopic debris from casting solvents, and there is no suitable
method for controlling deposition onto prefabricated electrodes. Therefore, although
single-crystal based devices are useful for controlled, fundamental studies, their
incorporation into practical commercial applications does not appear likely.48-49

For practical applications, thin film-based devices are much more promising.
Methods for their preparation include OMBE, solution-processing, and dip coating (a

9



relatively simple procedure in which single crystals suspended in a solution are
deposited on a substrate by dipping the substrate into the solution). As discussed
above, crystallographic alignment is a crucial property for organic semiconductor thin
film performance. Therefore, methods of organic semiconductor thin film growth
which do not induce film alignment are typically combined with a secondary
alignment method. Presented in the following section are some relevant fabrication
methods.

Solution-processing has proven an attractive field due to its ability to grow
large crystals of tunable morphology. These methods are based on different ways to
controllably supersaturate a solution and promote regulated nucleation.
Supersaturation can be achieved in a number of ways including cooling a saturated
solution, evaporating solvent from a saturated solution, or depositing additional
material into a pre-saturated solution. Shown in figure 8 are solution grown crystals
which show sizes much larger than those grown by
OMBE.>® While solution processing can grow high
quality, phase pure crystals, parameters such as
solvent evaporation rate, substrate temperature, and
organic semiconductor solubility must be carefully

selected and controlled. Also, solution processing has

been known to introduce impurities either from the

Figure 8: Solution grown organic

iconductors. Adapted from [50 . . . )
semiconductors. Adapted from [50] solution or from unwanted chemical reactions with

dissolved materials.

10



Solution-processing has also been
used in conjunction with a number other

of methods to induce micro and macro-

structural order. One such application

Figure 9: Optical images of anthracene arrays on SAMs.
A) anthracene squares B) anthracene background.
Adapted from [61] copyright 2005 American Chemical
Society

involves  patterned self assembled
monolayers (SAMs) as templates. SAMs
have shown an ability to direct the deposition of conjugated polymers,>!-52
oligomers®® and low molecular weight organic semiconductor thin films. %0:54.55
Patterning of organic semiconductors by this method requires treating a substrate to
create lyophilic and lyophobic areas. A supersaturated solution of the desired
material is then cast onto the substrate, usually by spin coating. As unfavorable
interaction between solvent and substrate drive the solution to recede to the lyophilic
areas, both soluble and insoluble materials are drawn with it. Figure 9 shows a film of
anthracene crystals grown on micropatterned SAMs after solution recession.®! By
swapping lyophobic and lyophilic areas, it is possible to create either small square
anthracene films or a film with anthracene deficient areas. This technique can afford
another level of order by fashioning line defects in the substrate to incorporate 1D
macroscopic order.3>

Another recently developed

Solution
supply
—_—

solution-processing method capable of

controlling structural order is zone-casting.

— A schematic representation of this
Moving support

Figure 10: Schematic presentation of zone-casting

technique. Adapted from [56]
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technique is presented in figure 10. In the zone casting technique a continuously
supplied solution is spread by means of a nozzle onto a moving support. Both the
solution and the support are thermally controlled to reach an appropriate ratio of
solvent evaporation and supply, creating a stationary gradient of concentration. The
resulting meniscus controls direction of crystallization while retaining the solution
based growth advantages discussed earlier.>®

Solution-sheared deposition is another

Shearing direction

Propagating
crystalline
film

solution processing based method designed to
Non-stick substrate (Moving)

Q-.. 4 . . . .
Semiconductor solution pattern films on isotropic substrates.”” Figure

Heated device substrate (Stationary)

11 illustrates how this method employs a

Figure 11: Schematic of the solution-sheared

technique. Adapted from [89]
small volume of a highly dilute organic

solution sandwiched between two preheated silicon substrates. The top wafer is
treated to be lyophillic while the bottom wafer serves as the device substrate. As the
top wafer is drawn past the substrate, it exposes a dilute
liquid front that evaporates and produces a seed film
containing multiple crystal grains. These seed crystals
serve as nucleation sites for the remaining molecules in
solution which propagate along the direction of shearing,
leading to a good degree of macroscopic film order.

Most organic semiconductor thin films designed

for use in OFETs have been grown by OMBE.>® A

3
§
g
g

typical OMBE chamber consists of two regions, a

Figure 12: Schematic of a basic
OMBE setup

12



Knudsen cell and a deposition region, both heated and held at high vacuum,
illustrated in figure 12. In the Knudsen cell, an organic semiconductor material is
heated above its sublimation temperature to produce a stream of vapor phase
particles. The sublimated vapor is then transferred to a cooler condensing region
where it can be deposited on a range of substrates.””-© OMBE under high vacuum can
produce high quality organic semiconductor thin films since there is little to no vapor
phase aggregation and substrate surfaces can be kept immaculately
clean >8:103.104101.106 - The necessity of high vacuum is this method’s main drawback
however, since working in a high vacuum environment introduces significant costs.
Also, films grown by traditional OMBE methods consist of randomly oriented, small
grain sizes with irregular packing, similar to the pentacene film presented earlier.

The OMBE technique has been

(a) Physical Vapor Transport

Vaporized organic carried by gas ———e— . . .
s v v combined with substrate preparation to
r t t t f -'l
mrf'ul impuritias w’r‘::lﬁ"“ Inggn&u éw:u’leu

(b) selectively nucleate organic semiconductor

(c) Pentacens
POMS stamg f
Py .

— TS Film

g crystals.®? For example, figure 13 shows films

i 1 Print OTS Film

of several organic semiconductor materials

‘:%" deposited onto patterned
¥ e

octadecyltrichlorosilane  stamped  regions

{2 LP&mm stamp

OTS Film

Fullerene €,

(&]] l 1. Vacuum-seal substrate

2. Crystal growth from vapour

@ which lead to selective crystal growth in the

patterned areas.”’ The films show regular

Figure 13: OMBE method for growth of organic
semiconductor single crystals a) Deposition
chamber with in situ purification. b) Schematic
of microcontact printing. c-e) patterned arrays
of organic semiconductor single crystals. The
dotted square indicates size and location of OTS-
stamped domains. Adapted from [60]

inter-crystal spacing and high chemical

purity. Note however the small crystal sizes

13



(compared to solution based growth) as well as the random crystallographic
orientation inherent in OMBE based methods. = Even with these shortcoming, the
resultant organic semiconductor thin films were incorporated with flexible plastic
OFETs which showed comparable characteristics to amorphous silicon
transistors,01.62,63

Another recently developed OMBE based patterning method involves the
selective growth of nanocrystalline seeds scavenged by the dip coating method.®* As

shown in figure 14, selected nanocrystals are placed

on a substrate and successively grown by OMBE to ST TNETEE

sj Si +*
create nanowires with axial control inherent in the

dip-coating method.» This simple method has shown
capable of creating complicated structures such as
nanowire grids. While this method provides a high

degree of alignment, there is no high throughput

Figure 14: Selective growth of

nanocrystals. It can be seen that growth

method for single crystal creation and casting, and Wil occur oneither one or both sides of the
crystal. Note that the wires are highly

linear, and with patterned substrates

selection of the seed crystal must be done with care  complicated wire structures have been
grown. Adapted from [95]
as the resultant crystals will grow in a manner based
on the morphology of the seed.
Due to the importance of film alignment, several alignment method have been
employed and used in conjunction with existing fabrication methods. External
magnetic and electric fields have been used to induce organic semiconductor thin film

alignment since organic semiconductors often contain conjugated T-orbitals and

therefore exhibit diamagnetic anisotropy. Large molecular crystals can be directly

14



aligned by this method. Also, liquid crystals (LCs) and SAMs can be influenced by
electric and magnetic fields, resulting in alignment of crystals immersed in
solution. 65-66,67,68,69,70

Treating substrates to induce alignment of organic semiconductor thin films
can be achieved a number of ways. One such method of alignment is mechanical
rubbing. This simple technique needs only mild pressure and temperature, allowing
for compatibility with fragile substrates. Line defects can be “rubbed” into a
substrate using a number of materials including Teflon bars, soft hair brushes, velvet
cloths, or rayon pile cloths.?> This technique has been successfully used to align both
LCs and small conjugated molecules.”-72.73.7* L ine defects can also be created using a
process called photoalignment, in which a photosensitive polymer is exposed to a
linearly polarized UV light, causing preferential cross-linking along the polarizing
direction, resulting in a larger number of polymer chains oriented in one particular
direction.?> This technique has also been shown to successfully align LCs and small
conjugated molecules like pentacene through the alignment of polymer layers such as
polyimide.?:76.77.78,79.80  Photoalignment offers advantages over rubbing by reducing
problems such as sample contamination, static charge generation, and scratches
(surface roughness affects nucleation and growth of crystals).81.82

One method of particular relevance to the present work was performed by
Sokolowski et al. in which a high vacaum OMBE chamber was used to continuously
supersaturate a liquid solution to grow crystals of the organic semiconductor
tetracene.?3  As shown in figure 15, the resulting crystals had exceptionally large

sizes. As a result of this study, it was confirmed that factors such as nucleation
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density and crystal morphology inside a liquid medium could be controlled by

deposition rate. However, this method still X 7
required a high vacuum environment and | J
O e 010F S
. & -
affords no control over crystallographic 1o L
{114} |
orientation. B
4 {1101
Another method of particular Y higgd S
e “50um
. . | m
interest was presented by Forrest et al. in — it

Figure 15: Tetracene crystals grown in a liquid film.

which a low pressure (0.1 to 10 torr) OMBE  Adapted from [83]
chamber was used to grow organic semiconductor thin films by passing a flow of
carrier gas containing an organic semiconductor vapor over the substrate.8* This
deposition method showed advantages over other high vacuum OMBE methods by
allowing for multi-component deposition over larger areas and the use of somewhat
higher pressures.®>  This approach is also compatible with patterning when
incorporated with shadow masking and changes in the geometry of the vapor jet
nozzle.8

A summary of the properties of films prepared by the preceding methods is
given in table 1. For reference, the minimum charge carrier mobility acceptable for
an organic thin film transistor is 1 V cm2 s -1, with any mobility exceeding 10 V em? s

I being regarded as high quality.??
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LT

Mobility

Compound Organic Organic Semiconductor | (cm? V-lsec'!) | Ion/lotr | Reference
Semiconductor Type Growth Method
tetracyanoquinodimethane single crystal OMBE 10 NR 90
ethynyl-linked alternating anthracene/ polymer film Sol. Proc. 6x 10 104 86
fluorene copolymer

hexa-peri-hexabenzocoronene (HBC-C;2) liquid crystal zone casting 5x 104 NR 87
poly(3-alkylthiophene) polymer film friction-transfer 7.4 x 1073 NR 88
cyclohexyl-substituted quaterthiophene thin film Sol. Proc. 0.02 NR 98
poly(9,9-dioctylfluorene-co-bithiophene) polymer film Sol. Proc./LLC rubbing 0.02 NR 89
Coo single crystal OMBE 0.03 NR 90
poly(9,9-dioctylfluorene-co-bithiophene) polymer film friction-transfer 0.04 NR 91
a-quinquethiophene thin film OMBE 0.05 >105 92
5,5’-bis(4-octyloxyphenyl)bithiophene oligomer Sol. Proc. 0.05 NR 93
o-sexithiophene thin film OMBE 0.08 >10° 92
2,6-Bis[2-(4-pentylphenyl)vinyl]anthracene thin film OMBE 0.1 106 - 107 94
Copper phthalocyanine single crystal Sol. Proc./ OMBE 0.1 NR 95
Poly(3-hexylthiophene) polymer Sol. Proc. 0.1 >10° 96
Perlfuorpentacene thin film OMBE 0.11 109 97
trimethylsilyl-substituted quaterthiophene thin film Sol. Proc. 0.11 NR 98
q-septithiophene thin film OMBE 0.13 >105 92

copper hexadecafluorophtalocyanine single crystal Sol. Proc./ OMBE 0.2 NR 95
Tetracene thin film OMBE 0.23 10° 99

Pentacene single crystal Sol. Proc. 0.4 10° 100

Pentacene thin film OMBE 0.7 >100 101

Tetracene single crystal OMBE 1.0 NR 102

Pentacene thin film on chemically OMBE 1.2 10°- 107 103

modified substrate

Rubrene thin film OMBE 24 107 104

Pentacene thin film with polymer OMBE 3 10° 105

dielectric

Rubrene single crystal OMBE 15.4 NR 106

Table 1: Collection of organic semiconductor based devices, their method of manufacture, and their electronic properties.




Section 4

Organic Vapor Liquid Solid Deposition

This thesis research builds upon a method developed by Wilkinson et al.!%7 that

combines concepts from OMBE with solution-processing and utilizes the orientational

o substrate

LC
alignment
layer

oriented LC
solvent

pOL
deposition

Figure 16: OVLS deposition schematic. Adapted from [107]

control mechanism of liquid crystal
imprinting. Organic Vapor Liquid
Solid (OVLS) deposition is a vapor-
phase deposition technique which
grows organic films in a thin layer of
thermotropic liquid crystal (LC)

solvent, applied by spin coating onto

a rubbed polyimide alignment layer, as represented in figure 16.1°7 OVLS provides an

organized fluid environment in which organic molecular crystals nucleate and grow.

The technique produces large crystals, enables control over crystallographic

orientation, morphology, and size, and is carried
out under near ambient conditions. OVLS is
therefore compatible with a variety of
substrates and organic materials. Due to the
increased diffusion of molecules in a liquid
environment, OVLS can grow crystals under

near ambient temperatures to sizes only possible

18

Figure 17: Optical micrographs of tetracene films
on Si(100) coated with rubbed PVA and A) LC
71.1-3417 B) LC E7 C) LC MBBA. All scale bars
are 100 um. Adapted from [107]



at high temperatures for bare surface growth. OVLS has shown an ability to grow
highly ordered films of the organic semiconductors tetracene, pentacene and
anthracene, and should be applicable to a wide range of materials.

The OLVS method affords additional controllability with the selection of the
solvent. The ability to tune growth characteristics is a long-recognized advantage of
solution-phase crystallization via chemical interactions with the solvent.!®® Shown in
figure 17 are some differing crystal morphologies of tetracene, ranging from platelets
to needles to compact lozenges based solely on the growth medium. It is therefore
possible to select a desired crystal morphology by
choice of growth medium.

Orientation of organic semiconductor crystals
in OVLS differs from the other approaches discussed
above due to the fact that the crystals are floating

freely in the LC solvent. The orientational

mechanism arises from a mechanical torque applied
. . . Figure 18: orientational mechanism of

to misaligned crystals resulting from surface LC imprinting. Adapted from [107]

anchoring and curvature elasticity, as illustrated in

figure 18.197 To quantify the degree of order, an order parameter was calculated by

equation 2:

(2) s =< cos20 >

Where 0 is the angle between a specific axis ([110] for tetracene) of a crystal

and the mean orientation of all crystals within the film and the brackets represent an
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average over all observations. The order parameter is zero for completely dissordered
films and 1 for completely ordered films. Films grown by the OVLS method obtained
s values from 0.9 to 0.99, proving the OVLS mechanism as a powerful tool for organic
semiconductor thin film alginment.1%?

Previous research in the Patrick group introduced the OVLS method and
demonstrated its promise in a few model systems. However, this work also revealed a
number of shortcomings associated with the method, including poor reproducibility
and the need for unacceptably long deposition times (on the scale 14h to 1 day). If
these limitations could be overcome, OVLS would allow for the large scale production
of organic semiconductor devices. Also, OVLS could be used to deposit and grow
films of any material which satisfied the requirements for the system (slightly soluble,
air stable, readily sublimes under ambient pressure), not exclusively organic
semiconductors.

To improve upon the OVLS method, two organic semiconductors were studied
in this work: tetracene and anthracene. These compounds are linear fused-ring
organic semiconductors from the archetypal polyacene family, shown in figure 19.1%

Tetracene was chosen due to reasonably high
e

#
Tetracene readily sublimated, and its favorable electronic

chemical stability, the fact that it can be

properties, making it a good candidate for a

variety of  applications.!10-111,112,113,114,115

Anthracene

Figure 19: structures of tetracene and anthracene

Anthracene was also studied as it is more
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chemically stable and grows larger crystals. Also, since anthracene is a bi-product of

petroleum distillation, it benefits from a 100 fold decrease in cost.
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Section 5

Goals of Thesis

Interest in using organic semiconductors in applications such as large area
displays, photovoltaic devices, and RFID tags stems in part from their prospects for
enabling significantly reduced manufacturing costs compared to traditional inorganic
semiconductors. However many of the best performing prototype devices produced
so far have involved expensive or time-consuming fabrication methods, such as the
use of single crystals or thin films deposited under high vacuum conditions. This
thesis examines a new approach for growing low molecular weight organic crystalline
films at ambient conditions based on an organic vapor-liquid-solid growth (OVLS)
mechanism using thermotropic nematic liquid crystal (LC) solvents.

In this research I have introduced a laminar flow of an inert carrier to increase
deposition rate as well as to decrease overall aggregation times, as well as vapor phase
particle charging, which increases deposition rate even further. 1 have studied the
effects of carrier gas flow rate, sublimation rate, carrier gas composition, particle
charging, and plasma environment and found that a delicate balance between flow
rate and sublimation rate must be maintained, while carrier gas composition and
plasma environment affect both chemical purity and deposition dynamics. Particle
charging was shown to not only increase the rate of deposition, but also to allow for

an additional control over the path of the particle beam.
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Chapter Two
Ambient Axisymmetric-Spray

As described in chapter one, the most widely-used method for organic
semiconductor thin film growth is organic molecular beam epitaxy (OMBE).
Although OMBE is capable of producing high quality, high performance thin films, it
has several drawbacks. Presented in this chapter is a new method for growing organic
semiconductor thin films by Ambient Axisymmetric-Spray (AAS) deposition. The
AAS chamber is similar to typical OMBE chambers with one important difference:
deposition is carried out under near ambient pressure at room temperature, thereby
removing the need for the costly equipment and lengthy procedures required for
working in a high vacuum environment. The AAS chamber consists of two regions we
term the mixing region and the deposition region. In the mixing region, a resistive
heating element, composed of Omega Engineering Nicrome 80 wire wrapped around a
Macor™ receptacle with an Omega Engineering thermocouple, is controlled by an
Omega Engineering CN4321 temperature control unit. The heating element holds a
graphite crucible which heats an organic semiconductor promoting controlled
sublimation. The resultant vapor combines with a carrier gas fed through the side of
the mixing region producing a dilute gas phase mixture, which exits the mixing region
through a nozzle (VWR International disposable pipet tip 1-220ul. cut to varying
nozzle diameters) and enters the deposition region. The mechanics of the deposition
region are complex, and will be explained in greater detail later. The system is

enclosed by a 15.24 cm diameter acrylic cylinder with 1.27 em thick walls and a 1.27
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cm thick removable acrylic lid. The base of the AAS chamber is aluminum and
contains a channel in which water is continuously flushed to maintain ambient
temperature. All manufactured parts of the AAS chamber were built at the Western
Washington University machine shop.

The AAS system affords control over organic flux rate, organic vapor phase
concentration, deposition rate, and diffusion of adsorbed species. Additionally, the
cost of building an AAS system is significantly lower than a high vacuum OMBE
chamber (on the order of one quarter). A schematic representation of the AAS

chamber is presented as figure 2-1 with a list of control parameters presented in table

2.

Table 2: Experimental parameters associated with the AAS method.

Parameter Abbreviation

Crucible temperature -
Carrier g