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Chapter 1 Introduction

In this chapter, controlled self-assembly of organic semiconductors (OSCs) and charge

carrier transport of organic field-effect transistors (OFETs) are introduced. Firstly, I introduce

the basic working principle, classification, and characterization of OFETs. Secondly, the

relationship between the microstructure of OSC films and transistor performance is presented.

In addition, the physical processes and crystallization mechanism during solution processing

of OSCs are introduced. Finally, solution processing techniques for controlling the self-

assembly of OSCs for electronic applications is discussed in detail.

1.1 General background of OFETs

1.1.1 Organic electronics

Nowadays, electronics take an important role in our daily life, including information

technology, multimedia and healthcare. Many of the pioneering studies and commercialized

technologies rely on inorganic semiconductors. Notably, inorganic semiconductors (such as

silicon) exhibit excellent conductive properties and precise machining. At the same time,

organic electronics including OFETs, organic photovoltaics (OPVs) and organic light emitting

diodes (OLEDs),[1] have also attracted great attention and have shown a rapid increase in

performance during the last decades.[1-4] OSCs are a class of carbon-based materials that

exhibit semiconducting properties and consist of conjugated small molecules and polymers.

Compared to inorganic semiconductors, OSCs can permit solution processable electronic

devices that are flexible and light-weight. [5, 6] Next to its application in printed electronic

circuits, OFET is also a key element for driving OLEDs as well as realizing label-free sensing

applications in the field of environmental monitoring.[7, 8] Therefore, intensive efforts both

from academic and industry have been made in developing high performance OFETs. Figure
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1 shows examples of organic electronics for wearable devices on flexible substrates,[9] and a

large-area array of stretchable transistors on fingertip and wrist.[10] These kinds of flexible

organic electronic circuits are highly desirable for applications such as medical treatments.[10]

Figure 1.1. (a) Diagram of electronically functional polymer and organic electronics on
flexible substrate.[7] (b) Optical image of OFETs on flexible substrate.[9] A large area of

stretchable transistors on (c) fingertip and (d) wrist.[10]

In a conjugated molecule, the σ-bond is formed by the overlap of hybridized sp2

orbitals and the π-bond is formed by the overlap of the unhybridized pz orbitals. The unfilled

anti-bonding orbital of the π-bond corresponds to the lowest unoccupied molecular orbital

(LUMO) of the molecule, and the filled bonding orbital corresponds to the highest occupied

molecular orbital (HOMO).[11] Electrons are free to move from one atom to another within

these π-orbitals, called delocalization. Molecular structure plays a crucial role on the

electronic properties of OSCs. For instance, the presence of electron donating/withdrawing

groups impacts the overlap of intramolecular π-orbitals. The stacking distance of adjacent

molecules influences the overlap of intermolecular π-orbitals.[12] Therefore, designing novel

molecular structures for high performance OFETs has been an intensive area of research.

In addition to the molecular structure, also the charge carrier mobility in OFETs is

determined by the molecular organization and film morphology.[13] Controlling the self-

assembly of OSCs by solution processing has been demonstrated as an efficient way to tune
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the microstructure of OSC films for high performance OFETs. In this aspect, the general

motivation of this work is to understand the mechanism of OSC self-assembly and

crystallization and to design novel solution-processing techniques.

1.1.2 Working principle of OFETs

A typical OFET device consists of three electrodes (source, drain and gate electrodes),

a dielectric layer and an active OSC layer (Figure 1.2a). Common gate electrodes include

highly doped silicon or deposited metals such as aluminum (Al), silver (Ag) and gold (Au).

The selection of source and drain electrodes requires a work function match with the OSC

energy level. Common source and drain metal electrodes are Al, Ag and Au. As for the

dielectric layer, inorganic insulators such as silicon dioxide (SiO2), aluminum oxide (Al2O3)

and polymeric insulators such as poly(methyl methacrylate) (PMMA) and cyclized

transparent optical polymer (CYTOP) are widely used.[14] The active OSC layer can be

deposited by solution processing or thermal evaporation, whose thickness is in the range from

a few to hundred nanometers. In OFETs, the charge carrier transport occurs at the interface

between OSC and dielectric layers.

We classify OFETs into four types based on the transistor architecture (Figure 1.2a):

bottom-gate and bottom-contact (BGBC), bottom-gate and top-contact (BGTC), top-gate and

bottom-contact (TGBC), top-gate and top-contact (TGTC).[15, 16] For instance, heavily

doped silicon wafer with 300 nm SiO2 layer (Si/SiO2), acting as common gate electrode and

dielectric layer, respectively, is widely used in bottom-gate transistors. The SiO2 dielectric

surface can be modified by a self-assembled monolayer to reduce interfacial traps.

Furthermore, the bottom-contact geometry also provides the opportunity to modulate the work

function of the electrodes to investigate the charge injection into the active layer. Top-contact

devices typically exhibit an improved injection compared to bottom ones and additionally
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provide the opportunity to observe the interfacial microstructure of OSC film, which is

important to understand the relation between film morphology and charge carrier transport.

Figure 1.2. Basic working principles of OFETs. Classification of OFETs based on (a) device
architecture and (b) charge carrier types. (c) Linear and saturation regime of OFETs. S and D

indicate the source and drain electrodes, respectively.

To operate a transistor, a bias voltage between source and gate electrodes (Vg) is

applied to accumulate charge carriers at the OSC/dielectric interface, combined with a bias

voltage between source and drain electrodes (Vds) to drive the transport of these charge

carriers along the OSC/dielectric interface (source electrode is grounded). According to the

type of charge carriers, there are three types of OFETs, namely p-type, n-type and ambipolar

transistors (Figure 1.2b),[17, 18] which is determined by the HOMO/LUMO of the OSCs and

the work functions of source and drain electrodes.[19] For p-type transistors, a negative Vg

drives the accumulation of holes at the OSCs/dielectric interface and a negative Vds (higher

than the threshold voltage, VT) drives the hole transport. For n-type OFETs, accumulation and

transport of electrons result from positive Vg and Vds, respectively. In ambipolar OFETs, both

holes and electrons can be accumulated and transported at the OSC/dielectric interface.[17]
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As discussed above, the combination of Vg and Vds drives the transport of charge

carriers. In principle, when Vg = 0, meaning no accumulation of charge carriers, the source

and drain current (Ids) driven by the Vds is low (theoretically should be zero). An electric field

between source and gate is required to turn on the transistor. Ideally, only a very low Vg is

required to turn the transistor on. However, in reality, the turn-on of the transistor is

influenced by the amount by traps present at the OSC/dielectric interface. In that case, first a

certain Vgs is required to fill all the interface traps with carriers. For larger Vgs, the additional

accumulated carriers contribute to the Ids (Vg>VT).

The operation of a transistor is characterized by two regimes, the so-called linear and

saturation regime, as shown schematically in Figure 1.2c. When Vds = 0, the accumulated

charge carriers uniformly distribute at the OSC/dielectric interface, and Ids = 0 since there is

no driving voltage. A small Vds (Vds << Vg - VT) leads to a linear gradient of charge density

from source to drain electrode and Ids is proportional to Vds, termed as linear regime. With the

increase of Vds, a pinch-off appears near the drain electrode at Vds = Vg - VT, forming a charge

carrier depletion region. A further increase of Vds will not lead to further enhance of Ids

anymore, termed as saturation regime. Carriers are swept from the pinch point to the drain by

a comparatively high electric field in the depletion region. A further increase in Vds pushes the

pinch-off point further away from the drain (Vds >> Vg - VT). However, the length of the

channel (L) shortens only slightly, as it is infinitely larger than the width of the depletion

region, and the integrated resistance of the channel from the source to the pinch point remains

more or less the same. For these reasons, once pinch off condition is met, Ids saturates at Vds =

Vg – VT. [20]

1.1.3 Characterization of OFETs

Transfer and output curves are two basic electrical characteristics to evaluate the

performance of a transistor. Figure 1.3 shows the typical transfer and output curves of a
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unipolar p-type OFET. The key parameters of an OFET, including charge carrier mobility (μ),

on/off ratio, VT and subthreshold voltage, can all be extracted from the transfer and output

curves. As shown in the output curves (Figure 1.3a), Ids increases with Vds at the linear regime

and reaches a stable value at the saturation regime for each Vg. The field effect increases with

the applied Vg and leads to higher Ids. Typical transfer curves for p-type OFETs are shown in

Figure 1.3b. The saturation mobility, threshold and sub-threshold can be estimated from the

slope of (Ids)1/2-Vg and Ids-Vg curves, respectively.

Figure 1.3. Characterization of p-type OFETs by (a) output and (b) transfer curves.

A high-performance OFET requires a high charge carrier mobility (μ) with high on/off

ratio and low VT. The charge carrier mobility quantifies the drift velocity of the charge

carriers under an applied electric field. The on/off ratio represents the Ids ratio between on and

off states, indicating the ability of the OFET to perform as a switch. VT describes the

minimum Vg to turn on the conducting channel in the OFET. The mobility of the OFET can

be calculated based on either the linear regime or saturation regime, respectively.[3]

In the linear regime (Vds << Vg - VT),

��⫀ �
�
�
��th�t �� � �� ��⫀ �

�
�
��⫀
� (Equation 1.1)

In the saturation regime (Vds << Vgs - VT),

��⫀ �
�
��
�⫀th�t �� � ��

�
(Equation 1.2)
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where Ci is the gate dielectric capacitance per unit area, L and W are the channel length and

width of the transistor, respectively. The expression for the mobility can be simplified as

follows:

In the linear regime (Vds << Vg - VT),

��th �
�

��t��⫀

���⫀
���

(Equation 1.3)

In the saturation regime (Vds << Vg - VT),

�⫀th �
��
��t

� ��⫀
���

�
(Equation 1.4)

1.1.4 Charge transport mechanism

Dependent on temperature-dependence of the mobility in OFETs, the charge transport

mechanism is either classified into band (-like) transport (mobility increases with decreasing

temperature) or hopping regime (mobility decreases with decreasing temperature). The

presence of inherent disorder and thermally-activated structural fluctuations pose a

fundamental challenge to the realization of band(-like) transport.[21] Therefore, in OFETs,

band(-like) transport is observed only in very limited number of systems, as single crystals of

small molecule OSCs or conjugated polymers with extremely low torsion in the chains.[22-24]

In the hopping regime, the charge carrier transport is typically thermal activated, where

charge carrier mobility increase with temperature.[25] In most cases, polycrystalline and

amorphous OSCs exhibit hopping dominated transport.[3]

1.1.5 Charge injection and traps in OFETs

The device performance of OFETs is determined by the efficiency of charge injection

from electrode into the OSC layer, as well as charge transport at the OSC/dielectric interface,

which is governed by the mobility but can also be limited by interfacial traps. The role of
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charge injection and interfacial traps on OFET performance will now be discussed, whereas

the intrinsic charge transport behavior of the active OSC film is presented in the next section.

In a typical OFET, the contact resistance (Rc) cannot be neglected because of the

presence of a metal electrode/OSC junction.[26] As shown in Figure 1.4a, the hole injection

from the electrode into the OSC layer (with deeper HOMO level) is governed by an injection

barrier, φb. Taking p-type OSC as an example, φb is the difference between the work function

of the metal electrode (φm) and the HOMO level of the OSC.[26] Doped-injection layers have

been used to obtain Ohmic contact.[27, 28] The resulting band bending in the doped layer

allows for injection via tunneling.[29] In addition, self-assembled monolayers were also

utilized to modify and tune the work function of electrodes.[30, 31] In addition, transition-

metal oxides with high work function (such as and Molybdenum trioxide, MoO3) are also

expected to improve hole injection. The utilizing of MoO3 has been demonstrated to

efficiently improve the hole injection in OFETs.[32] However, MoO3 induces a considerable

injection barrier of 0.3-0.4 eV when in contact with amorphous small molecule OSCs in

OLEDs. The nanometer interlayer method has been developed to reduce this injection barrier

and achieve an Ohmic contact, owing to electrostatic decoupling of the electrode from the

OSC (Figure 1.4b).[33]

The presence of interfacial traps significantly influences the charge carrier transport in

OFETs.[34] Figure 1.4c shows typical transfer curves of a n-type transistor using poly(9,9-

dioctylfluorene-alt-benzothiadiazole) (F8BT) as semiconductor on different substrate

interfaces, such as a bare Si/SiO2 substrate (Sbare), Si/SiO2 substrate modified with a

hexamethyldisilazane (HMDS) self-assembled monolayer (SHMDS), dodecyltrichlorosilane

(DTS) modified substrate (SDTS), trichloro(octadecyl)silane (OTS) modified substrate (SOTS)

and polyethylene substrate (SPE). From Sbare to SHMDS and SOTS and SPE, Ion gradually increases

and VT gradually reduces. It indicates that traps are located at or near the SiO2 interface and

self-assembled monolayers can be used to reduce but cannot completely eliminate the
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interfacial traps.[35] In addition to the interfacial traps, bulk traps that originate from

molecular disorder and grain boundaries also impede the charge transport.

Figure 1.4. (a) Injection barrier of Schottky-Mott limit. φb indicates Schottky barrier between
the work function of electrode and energy level of OSC. (b) Schematic illustration of injection
interlayer for Ohmic contact.[33] (c) Transfer curves of F8BT n-type transistor with different

substrate interfaces.[35]

1.2 Molecular organization and film morphology

Understanding the factors that influence the intrinsic charge transport of the active

OSC layer is important to achieve a high mobility device. In this section, the relation between

molecular structure, molecular organization, film morphology and charge carrier transport

performance is introduced.

1.2.1 Molecular design

It is known that the conjugated core, end-group and side chain of the OSC determine

the molecular packing and the corresponding electronic performance.[36, 37] Representative

and widely used small molecule and polymer based OSCs in OFETs are shown in Figure 1.5.

For instance, linear fused acene rings (pentacene) is a promising building block for a high

mobility transistor. The mobility of pentacene-based FETs has been reported above 5 cm2 s-1

V-1, owing to the perfect single crystal obtained by the physical vapor transport method.
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However, pentacene is insoluble in common organic solvents and can therefore not be applied

by solution processing. Therefore, triisopropylsilylethynyl substituents are introduced at the

pentacene core, 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene), improving the

solubility and enabling low-cost solution processing.[2] The incorporation of heteroatoms in

the pentacene core efficiently modulates the energy levels and induces additional

intermolecular interactions. For instance, the electron mobility of silylethynylated N-

heteropentacene has been reported to exceed 10 cm2 s-1 V-1.[38] Moreover, the incorporation

of fused thiophenes provides a promising route to design molecules with enhanced hole

mobility,[39, 40] such as 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT)[39]

and 2,8-difluoro-5,11-bis(triethylsilylethynyl) anthradithiophene (diF-TES-ADT). OFETs

based on the strongly aligned C8-BTBT provide a hole mobility up to 25 cm2 s-1 V-1[41],

whereas devices based on single crystal diF-TES-ADT exhibit a hole mobility above 6 cm2 s-1

V-1.[42] In addition, small molecule OSCs based on oligothiophenes,[43]

diketopyrrolopyrroles (DPP),[44] naphthalene diimide (NDI),[45] perylene diimide (PDI)[46]

are also widely used in OFETs due to their highly delocalized backbone, dense molecular

packing and strong intermolecular interactions.

For polymer OSCs the mobility is determined by the charge carrier transport along and

between polymer chains. Molecular regioregularity, molecular weight, polydispersity,

rotational freedom along the conjugated chain and the construction of donor-acceptor

conjugated systems are important factors that influence charge carrier transport.[2, 47]

Common conjugated polymers applied in OFETs include polythiophene and various donor-

acceptor polymers.[48] Figure 1.5 shows four common polymer OSCs as examples, such as

amorphous poly(triarylamine) (PTAA), semi-crystalline poly(3-hexylthiophen-2,5-diyl)

(P3HT),[49] donor-acceptor polymer poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-

5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)] (DPP-DTT),[50, 51] and n-type poly{[N,N'-

bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-
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bithiophene)} (PNDI(OD)2T)[52]. Among polymer OSCs, donor-acceptor polymers typically

exhibit field-effect mobilities on the order of 10-2 - 1 cm2 V-1 s-1, but several examples showed

a mobility over 10 cm2 V-1s-1.[53]

Figure 1.5.Molecular structures of representative small molecule and polymer OSCs in
OFETs.

1.2.2 Molecular organization

The charge carrier transport in OFETs significantly depends on the molecular

organization. As discussed above, the band (-like) transport is expected to occur in single

crystals of small molecule OSCs (Figure 1.6a). Therefore, we firstly discuss molecular

packing motifs in small molecule single crystals. According to different π-π stacking

geometries among adjacent molecules, typical molecular packing modes can be divided into

herringbone, brick layer, slipped and cofacial stacking modes.[54] Especially, the herringbone

and brick layer stacking modes are known toexhibit efficient charge transport (Figure 1.6b).

In the herringbone mode, the π-π stacking arrangements within columns and the face-to-edge

arrangements between columns facilitate charge transfer from one column to the adjacent one,

such as in pentacene and rubrene.[2, 55] In the brick layer stacking mode, a large

displacement between molecules in adjacent columns induces large π-π overlap that increases
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the electronic coupling and improves device performance, as for instance in TIPS-pentacene

and diF-TES-ADT.

However, most thin film transistors are based on semi-crystalline and amorphous

OSCs. For instance, semi-crystalline polymer OSCs consist of ordered and disordered regions,

as shown in Figure 1.6a. The ordered region exhibits strong π-π stacking and long-range

periodicity, where the charge carrier transport depends on molecule packing orientation and π-

π stacking distance.[56] In contrast to ordered regions, disordered regions are governed by

weak intermolecular interactions limiting π-π stacking and/or interlayer packing. The main

transport pathways for charge carriers in disordered region are over the polymer chains

(Figure 1.6a). Therefore, the charge transport in the ordered region of semi-crystalline OSCs

is higher than in the amorphous parts and the connections between the ordered regions play a

dominate role on charge carrier transport over macroscopic dimensions.[57] In contrast to

semi-crystalline polymer OSCs, amorphous polymer OSCs only show a disordered region and

exhibit a limited charge transport performance due to weak intermolecular interactions

(Figure 1.6a).

Figure 1.6. (a) Charge transport and molecular microstructure in different OSCs.[57, 58]
(b) Illustration of molecular packing modes: herringbone and brick layer stacking.

(c) Illustration of face-on and edge-on of polymer OSCs.
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The molecular organization of ordered polymer OSCs refers to the molecular packing

orientation and packing distance. According to the molecular packing orientation towards the

substrate surface, thin film OSCs are classified into edge-on and face-on.[59] In the case of

edge-on organization, the backbone plane is arranged perpendicular to the substrate so that the

π-stacking direction is oriented parallel to the substrate surface, favorable for charge carrier

transport in OFETs.[60] In contrast, in the face-on orientation the backbone plane is parallel

to substrate and the π-stacking direction is perpendicular to substrate (Figure 1.6b).[15] A

face-on arrangement often leads to lower field-effect mobilities in OFETs, but might be

favourable for solar cells.[60]

1.2.3 Film morphology

In addition to molecular organization, film morphology of OSCs also plays a crucial

role on the charge carrier transport in OFETs. In many cases, morphological defects, grain

boundaries, and misalignment can impede the intrinsic charge transport.[13, 61, 62] For

instance, dendritic crystals, coffee-ring and stick-slip morphologies result in a lower mobility.

To understand how morphological defects influence the charge transport, dynamic simulation

and scanning Kelvin probe microscopy have been used. The molecular dynamics simulations

of polycrystalline TIPS-pentacene films show that the disruption of the molecular packing at

the grain boundaries leads to energetic barriers for hole transport and potential wells for

electrons (Figure 1.7a). The height of the energy barriers will be further enhanced when the

voids occur at the grain boundaries.

Furthermore, the impact of grain boundaries on charge transport is dependent on the

angle between adjacent domains. Low-angle grain boundary and high-angle grain boundary

are schematically shown in Figure 1.7b. A low-angle grain boundary represents a slight

misoriention between individual grain domains, whereas a high-angle grain boundary is

associated with a high degree of packing misorientation. The occurrence of a high-angle grain
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boundary for slip-stacked packing leads to an energy barrier that hinders inter-grain transport.

Conversely, a low-angle grain boundary gives rise to a lower transport barrier for herringbone

packing (Figure 1.7).[63]

Figure 1.7. (a) Energetic barriers at the grain boundary of TIPS-pentacene crystal.[64] (b)
Low-angle grain boundary and high-angle grain boundary models.[63] (c) Electron traps at

the step edges on the surface of OSC crystal.[65]

The step edges on the surface of OSC single crystal FETs also influence the charge

carrier transport. The high-resolution surface potential mapping obtained by scanning Kelvin

probe microscopy is shown in Figure 1.7c. It shows that crystal step edges on the surface of n-

type OSCs induce the positive potential that can trap electron impeding the transport. Micro-

electrostatic calculations suggest that the step edges trapping can be intrinsic to crystals of the

molecule with polar substituents.[65]

1.3 Physical processes during solution processing

The control of self-assembly of OSCs by solution processing is an efficient method to

tune molecular organization and film morphology for high performance electronic devices. In

this section, I present the main physical processes during film deposition, such as solvent

evaporation, fluid flow, crystallization and self-assembly.
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1.3.1 Solvent evaporation

Figure 1.8. Equilibrium front evaporation rate (Eefe) of different solvents during an edge-
casting experiment measured at different substrate temperatures.[66]

During solution processing, solvent evaporation dominates the dynamics and kinetics

of OSC self-assembly and crystallization. For instance, spin-coated OSC films often exhibit

low crystallinity and less ordered molecular organization due to an insufficient time scale

induced by a high evaporation rate (E). In contrast, for drop-casting, an evaporation front

originates at the three-phase contact line. The movement of the evaporation front depends on

the non-uniform evaporation rate.[67] As a consequence, a concentration gradient is formed at

the evaporation front, driving the nucleation and crystal growth of OSCs. Similarly, during

meniscus-guided coating, solvent evaporation plays an important role on the OSC film

formation.[68] For instance, during dip-coating of TIPS-pentacene, continuous and uniform

crystals are obtained over large areas with high crystallinity by using low boiling point

solvents, such as dichloromethane.[69]

Control over evaporation rate by solvent selection is an efficient way to achieve highly

ordered crystalline films. The relation between evaporation rate and coating speed (ν)

significantly influences the crystal growth of OSCs. Figure 1.8 shows the equilibrium front

evaporation rate (Eefe) of common solvents at different temperatures, which is obtained by the

edge-casting geometry. It shows that the evaporation rate of a solvent is determined by the
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boiling point, temperature, and solvent vapor atmosphere. A predictive model for optimizing

coating speed is proposed based on Eefe, which is applicable to a variety of solvents and

substrate temperatures. In this way, a large area crystalline film of C8-BTBT has been

obtained by zone-casting.[66]

1.3.2 Fluid flow

Various fluid flow processes are involved in OSC solution processing, such as non-

uniform evaporation induced capillary flow (Figure 1.9a), surface tension (γLV) induced

Marangoni flow (Figure 1.9b), and substrate movement induced Couette flow (Figure

1.9c,d).[70] For drop-casting, the fluid flow is influenced by the solvent evaporation and

surface tension gradient. The strength (fluid velocity) of the capillary flow is determined by

the non-uniform evaporation rate over the surface of the droplet (Figure 1.9a).[71] In the

presence of a surface tension gradient, fluid will flow from regions of low surface tension to

those of high surface tension. This gradient manifests as a shear stress along the surface which

induces recirculating flow in the bulk by mass balance (Figure 1.9b).[72] Therefore, capillary

flow and the recirculating Marangoni flow govern the morphology of drop-cast OSC films.

The fluid flow during meniscus-guided coating is more complex than during drop-

casting, since the viscous force imposed by the substrate will induce Couette flow near the

substrate.[73] Figure 1.9c shows that during dip-coating the flow streamline ending at the

stagnation point defines the boundary between an “upward flow region”, which continues into

the coating film, and a “recirculation region”, which extends back to the bulk liquid. The

positon of the stagnation position (xsp) can influence the thickness of the dip-coated film.[73]

For solution shearing, the streamline of various fluid flows is illustrated in Figure 1.9d. The

fluid velocity profile under the bulk solution is a combination of pressure-driven (parabolic)

and boundary-driven (linear) flow. The fluid at the meniscus is determined by capillary flow,
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Marangoni flow and couette flow, during the mass transport of OSCs, resulting in a

concentration gradient at the meniscus for the film growth.[74]

Figure 1.9. (a) Capillary flow[71] and (b) Marangoni flow during drop-casting.[72] (c)
Upward flow and recirculation flow regions during dip-coating.[73] (d) Various fluid flow

during solution shearing.[74]

1.3.3 Crystallization

The crystallization of OSCs includes nucleation and crystal growth. The nucleation

begins with the appearance of small molecular clusters (nuclei) and the phase transformation

is associated with Gibbs free energy change (ΔG).[75] This free energy change comprises a

change in the volume (bulk) free energy (ΔGV) due to altered intermolecular interactions

within the nascent phase, and a change in surface energy (ΔGS) due to the creation of a new

interface between the nucleus and surrounding fluid.[58] As for a spherical nucleus with a

critical radius of r*, the crystal growth can arise when r > r* due to the decrease of net ΔG

(Figure 1.10a). ΔG* (at r = r*) is the crucial free energy change for nucleation.

During solution processing, the OSC crystallization is driven by the supersaturated

concentration. The supersaturation increases with concentration and a certain amount of
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supersaturation can overcome ΔG* for nucleation (Figure 1.10b). For a two-dimensional

spherical homogenous nucleation from solution, the energy barrier of ΔG�th
∗ is determined by

concentration (c), solubility (δ), temperature (T), and the surface energy between liquid and

crystals (γCL),

ΔG�th
∗ �

�������
�

������� ln �
δ

� Equation (1.5)

where kB is Boltzmann’s constant.

Figure 1.10. (a) Change of Gibbs free energy during crystallization.[76] (b) Gibbs free energy
of crystal and solution as a function of solute concentration. (c) Influence of solubility on
supersaturation. (d) Nucleation barrier for homogeneous and heterogeneous nucleation.

Figure 1.10c shows that the supersaturation (Δc) is determined by concentration and

solubility. For a particular concentration, a low solubility solvent can contribute a higher

supersaturation as compared to a high solubility solvent. Therefore, optimizing the solubility

during solution processing is a promising route to control the crystallization. As for two-

dimensional spherulite heterogeneous nucleation, the substrate surface energy (γSV) and the
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roughness of the substrate also affect the nucleation barrier, which can be described by

Equation (1.6), wherein f(ϑ) is a shape factor influenced by the surface energy of the substrate.

ΔG�thta
∗ � ΔG�th

∗ � � � �������⫀
�

������� ln �
δ

� � � Equation (1.6)

� � � ����t⫀������t⫀���

�
Equation (1.7)

Therefore, the surface energy of the substrate impacts the nucleation barrier for

heterogeneous nucleation, ΔG�thta
∗ .[76] For instance, a high surface energy leads to a low f(ϑ),

reducing the nucleation for heterogeneous crystallization (Figure 1.10d).[77]

Figure 1.11. Schematic illustration of the nucleation process of polymers in solution: from
random coils to precursor and nucleus. l and w represent the axial and the lateral dimensions
of the aggregated precursor. The incipient precursor is characterized by an initial axial length

lo significantly shorter than the critical axial length l* of fully developed nucleus.[78]

The self-assembly of polymer OSCs in solution is more complex and exhibit

experimental difficulties in studying the nucleation process due to the limited size and

transient lifetime. Molecular dynamics simulations for the solution-state provides

understanding about the self-assembly of simple polymers in solution. Figure 1.11 shows the

molecular dynamics results for the nucleation process of PE from random coils in 1,2,4

trichlorobenzene (TCB) solution. The nucleation of PE in solution starts from segmental

aggregation into incipient precursors of axial length lo and comparable lateral width wo. This
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is followed by single-precursor extension into new segments and stems, and the nearby

precursors can coalesce via diffusion and oriented attachment, with concomitant axial

readjustments to reach l* and a slight increase in lateral width w. The nucleation process ends

here and further stem attachment would correspond to crystal growth.[78] In contrast to

simple polymers like PE, conjugated polymers have relatively rigid backbones. The π-π

interactions are the primary intermolecular forces in addition to the associative dispersion

forces among the alkyl side chains. Thus, pre-aggregates of conjugated polymer often occur in

solution due to strong π-π interactions of the backbones.[74]

1.4 Solution processing techniques

Various solution processing techniques were developed during the last decades to

obtain thin OSC films for transistor applications. In this section, I discuss the development of

solution processing techniques based on spin-coating, drop-casting and meniscus-guided

coating, respectively.

1.4.1 Spin-coating

Spin-coating is a widely used solution processing method to deposit uniform film, in

which the high angular velocity spreads the OSC solution over the substrate surface and leads

to a high solvent evaporation rate. The thickness of spin-coated films is inversely related to

spin-coating speed and depends on the solution concentration and viscosity. Since the

viscosity of a polymer OSC increases with solution concentration, spin-coating is commonly

used to obtain homogenous polymer OSC films. For instance, by spin-coating of P3HT from

chlorobenzene at 1500 rpm, the solvent will be almost completely removed and the P3HT

solidification is completed in only ten seconds after the substrate spinning is initiated (Figure

1.12a).[79] Due to the insufficient time scale for OSC self-assembly, spin-coated P3HT films
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typically exhibit a less ordered molecular organization. The self-assembly progress of P3HT

during spin-coating is illustrated in Figure 1.12b. At the first stage of spin-coating, an edge-on

oriented layer grows rapidly on the substrate interface, followed by a slower growth of mixed

edge-on and face-on layers that form as top bulk layer. The growth of ultrathin ordered

interfacial layer and disordered bulk of P3HT results from the competing crystallization at the

polymer-substrate interface and polymer-air interface.[80]

Figure 1.12. (a) P3HT solidification process during of spin-coating.[79] (b) P3HT self-
assembly progress during spin-coating.[80]

In contrast to spin-coating of polymer OSCs, spin-coating of small molecule OSCs

suffers from dewetting and non-continuous morphology. On-the-fly-dispensing spin-coating

provides an efficient method to overcome dewetting and improves the film formation of small

molecule OSCs. When the solution is dispensed on the substrate at high rotation rate, the

tangential force breaks the static wetting balance on the hydrophobic substrate and enables a

quick solution spreading over the substrate within only 0.03 second, leading to the formation
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of an ultrathin film (Figure 1.13a).[81] N-type transistors based on ultrathin-crystalline films

of small molecule, core-expanded NDIs fused with 2-(1,3-dithiol2-ylidene)malonitrile groups

(NDI-DTYM2), processed in this way exhibit an excellent device performance with

maximum electron mobility over 1.0 cm2 V-1 s-1. Channel restriction self-assembly during

spin-coating is shown Figure 1.13b, wherein photoresist patterns were utilized as template to

grow aligned crystalline OSC arrays. This strategy enables the large-scale fabrication of small

molecule OSC arrays with accuracy and reliability. [82]

Figure 1.13. (a) On-the-fly-dispensing spin-coating.[81] (b) Channel restricted self-assembly
during spin-coating,[82] (c) Self-assembly process during spin-coating OSC:polymer

blend.[83] (d) Off-center spin-coating of OSC:polymer blend.[41]

Spin-coating of blends of small molecule OSC and insulating polymer is another

method to prevent dewetting and provide the possibility for the small molecule OSCs to

crystallize at the OSC/polymer interface (Figure 1.13c). By controlling the solvent

evaporation rate during spin-coating, the phase separation of the two components diF-TES-

ADT and PMMA can be regulated, which in turn determines the structural development of

diF-TES-ADT in the PMMA matrix.[83] Furthermore, ultrahigh mobilities above 25 cm2 V-1

s-1 were achieved by off-center-spin-coating of a C8-BTBT:polystyrene (PS) blend, which
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was attributed to the formation of a highly aligned, meta-stable crystal packing and vertical

phase separation (Figure 1.13d).[41]

1.4.2 Drop-casting

Drop casting is a basic and low-cost method for the fabrication of OSC films. During

drop-casting, an evaporation front occurs at the substrate-solution contact line. Thus, the

nucleation and self-assembly starts from the contact line and gradually moves to the center

region of the drop (or substrate). Its advantages over spin-coating include less OSC wastage

and sufficient time scale for OSC self-assembly.[84] Therefore, drop-cast films generally

show better charge transport as compared to spin-coated films due to the improved molecular

organization, induced by a slower growth processes.[85]

During drop-casting of polymer OSCs, the molecular organization can be tuned from

edge-on to face-on through selecting appropriate solvents. For example, the molecular

orientation of poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3'''-di(2-octyldodecyl)-

2,2',5',2'',5'', 2'''-quaterthiophen-5,5'''-diyl)] (PffBT4T-2OD) polymer is edge-on when drop-

cast from CHCl3. Interestingly, the edge-on packing is changed to face-on through the gradual

adding of TCB into CHCl3. The distinct molecular-orientations are attributed to the different

solubility of the polymer in both solvents and the slow film growth process (Figure 1.14a).[60]

A slow solvent evaporation also has been demonstrated to assist the crystallization of

small molecule OSCs. Highly ordered crystalline structures of α,ω-dihexylquaterthiophene

(DH4T) have been obtained by drop-casting from 1,2-dichlorobenzene, which evaporated

over a long time of around 1-2 days. The resulting highly crystalline DH4T exhibits a hole

mobility around 0.05-0.1 cm2 V-1 s-1.[85] Solvent vapor enhanced drop-casting (SVED) and

solvent vapor diffusion provide a convenient route to tune the evaporation time, ensuring the

formation of homogenous and ordered OSC layers (Figure 1.14b).[86] For instance, single
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crystal OFETs of dithieno[2,3‐d;2′,3′‐d′]benzo[1,2‐b;4,5‐b′]dithiophene (DTBDT) obtained

by solvent vapor diffusion exhibit a high mobility of more than 3 cm2 V-1 s-1. [87]

However, drop-cast films are prone to exhibit non-uniform morphology due to the free

solvent evaporation, especially for small molecule OSCs. As shown in Figure 1.15 a, during

drop-casting of TIPS-pentacene at free evaporation conditions, the undesirabe “coffee ring

pattern” is disadvantageous to the device performance.[88] Covering a drop-cast sample by a

glass container is a simple and convenient way to tune solvent evaporation and improve OSC

film morphology. Fig 1.15b shows that aligned crystalline morphology of TIPS-pentacene

was obtained under controlled evaporation (sample covered by a container).

Figure 1.14. (a) Molecular organization controlled by solvent selection during drop-
casting.[60] (b) Solvent vapor diffusion to enhance the evaporation time for single crystal

OFETs.[87]

In addition, drop-casting on an inclined substrate also induces aligned OSC growth.

Aligned N,N′‐bis(n‐octyl)‐x:y,dicyanoperylene‐3,4:9,10‐bis(dicarboximide) (PDI8-CN2) was

obtained in this way, in which the slow-moving evaporation front promotes the growth of
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oriented crystalline morphologies.[63] Droplet pinned crystallization is another efficient

method to achieve aligned crystals (Figure 1.15c). Here, a small piece of silicon wafer was

used to obtain a steady receding contact line shown as Figure 1.15c. The evaporation front

slowly moves from the substrate edge and the narrow meniscus results in a steep

concentration gradient. As a consequence, an aligned fullerene (C60) single crystal is

obtained, exhibiting a high electron mobility of around 11 cm2 V-1 s-1.[89] In addition, mixing

two solvents with distinct boiling point and surface tension is also efficient to govern the fluid

flow and OSC self-assembly. In the case of a mixed-solvent of dodecane and chlorobenzene,

the capillary flow and Marangoni flow contribute to the aligned crystalline morphology of

TIPS-pentacene (Figure 1.15d).

Figure 1.15. (a) Free and (b) controlled solvent evaporation during drop-casting of TIPS-
pentacene. [88] (c) Meniscus control for the growth of aligned C60 crystals.[89] (d) Fluid

flow control by mixed-solvent during inkjet printing. [90]
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Substrate modification provides an approach to tune the nucleation sites, which is

called “surface selective deposition”. As shown in Figure 1.16a, different functional groups

are used to pattern the substrate into wetting and non-wetting regions. Small molecule OCSs

only nucleate at the wetting area, while the non-wetting region repels the OSC solution and

inhibits crystal growth. In this way, highly crystalline C8-BTBT films are obtained at the

wetting area.[91] To further control the OSC crystallization at the selective area, the wetting

regions are patterned into an asymmetric geometry, as shown in Figure 1.16b. Through two

solvent inkjet-printing, dimethylformamide solvent and C8-BTBT/CHCl3 solution were

dropped at the patterned area in sequence. As a result, an asymmetric solution volume is

formed by the asymmetric surface patterns. The nucleation of C8-BTBT occurs preferentially

at the protuberance position due to the high surface-area to volume ratio, resulting in a high

solvent evaporation rate. Crystalline C8-BTBT thin films grown with this approach reveal a

high hole mobility above 10 cm2 V-1 s-1.[92]

Figure 1.16. (a) Surface selective deposition on patterned wetting and non-wetting
substrate.[91] (b) Inkjet printing single crystal films with anti-solvent on asymmetric

patterned substrate.[92]

1.4.3 Meniscus-guided coating

Meniscus-guided coating refers to the control of the solution meniscus to grow OSC

films, including dip-coating, zone-casting, bar-coating, blade-casting and solution
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shearing.[13] Meniscus-guided coating techniques have attracted great attention due to the

possibility to deposit aligned morphologies and highly ordered molecular organizations.

According to the relation between coating speed and film thickness, meniscus-guided coating

is classified into an evaporative, a Landau-Levich, and a mixed-regime (Figure 1.17).[93] The

evaporative regime is characterized by a decrease in film deposition thickness (h) as a

function of increasing coating speed (h ∝ ν-1). As for the Landau-Levich regime, film

deposition thickness increases with coating speed, since high coating speed drags out OSC by

viscous force. The transition region is called mixed regime and the minimum film thickness is

expected to occur in the mixed regime. During meniscus-guided coating, the film formation

and electronic device performance of the obtained films are highly dependent on the relation

between solvent evaporation rate and coating speed. The right balance between coating speed

and mass transport will contribute to a homogenous crystalline OSC film with high coverage

ratio and desired device performance.

Figure 1.17. (a) Deposition regimes of meniscus-guided coating characterized by differences
in film thickness. The regimes are classified into evaporation, Landau-Levich, and mixed-

regimes.[74]

Dip-coating is an ideal method to prepare OSC thin layers due to its simplicity,

easiness to operate, low-cost and waste-free process. It offers a good control over the OSC

film thickness.[94] As shown in Figure 1.18a, a meniscus is formed between substrate and

bulk solution during withdrawing the substrate. At optimized dip-coating speed, DTBDT can
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be crystallized and grown into dendritic crystalline thin layers.[95] In addition to the control

of coating speed, simple wire-bar-coating process[50], blade-casting, and solution shearing[96]

provide the possibility of tuning the substrate temperature while zone-casting[97] involves

controlling both substrate and solution temperature.[50, 98] Highly ordered DPPDTT and

hexa-n-dodecylhexa-peri-hexabenzocoronene (HBC-C12) films are obtained by bar-coating

and zone-casting, respectively, as shown in Figure 1.18b,c. Furthermore, meniscus-guided

coating of OSC:polymer binder blends also has been used to improve the electronic

performance of OFETs. A large-area OSC crystalline film can be obtained from blade-casting

of an OSC:polymer blend (Figure 1.18d). As a result, high charge carrier mobilities above 10

cm2 V-1 s-1 can be achieved for 3,11-didecyldinaphtho[2,3-d:2′,3′-d′]benzo[1,2-b:4,5-

b′]dithiophene (C10–DNBDT–NW)/PMMA or above 6 cm2 V-1 s-1 for diF-TES-ADT/PS.[99,

100]

Figure 1.18. (a) Dip-coating[95] and (b) zone-casting of small molecule OSCs.[97] (c) Bar-
coating of polymer OSC.[50] (d) Blade casting of OSC:polymer blend.[99]

To better control the OSC film growth by meniscus-guided coating, a micro-patterned

substrate and micropillar templated blade have been utilized. Figure 1.19a shows that

patterned triangle wetting regions were used to tune the nucleation sites of small molecule

OSCs. Through solution shearing on pattered substrate, large area crystals of TIPS-pentacene
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have been achieved by the triangle wetting patterns.[101] In the case of polymer OSCs, an

ionic-liquid-based dynamic template can be employed to tune the nucleation barrier of the

polymer. High birefringence of ionic-liquid-templated films arises from a high degree of

alignment or crystallinity (Figure 1.19b).[102] Micropillar templated blade and micro-

photoresist channel also have been employed to control the fluid flow and guide OSC film

growth.[103, 104] The illustration of the micropillar based solution shearing is shown in

Figure 1.19c, in which a high flow velocity occurs between the adjacent pillar. The increased

fluid flow enhanced crystallization contributes to highly ordered and aligned TIPS-pentacene

crystalline films, leading to a hole mobility between 1.0 and 8.0 cm2 V-1 s-1. In another work,

aligned single crystalline domains were obtained by channel-restriction controlled self-

assembly, as shown in Figure 1.19d.[104] The restricted meniscus with small-size evaporation

front allows to rationally control the evaporation and convective flow in the photoresist

channels. The homogeneous nucleation can occur along the photoresist channels, enabling the

highly aligned growth of an OSC array with uniform morphology and orientation.

Figure 1.19. (a) Controlled nucleation by patterned substrate.[101] (b) Dynamic-template-
directed multiscale assembly.[102] (c) Micro-pillar assisted solution shearing.[103] (d)

Channel restriction assisted self-assembly[104].
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1.5 Motivation

Over the past 30 years, many pioneering studies on the design and synthesis of OSCs

as well as on solution processing have significantly improved the performance of OFETs. As

a consequence, OFETs with mobilities above 10 cm2 V-1 s-1 have been realized with a variety

of small molecule and polymer OSCs.[2, 24, 53, 104] However, the mechanism of the

molecular self-assembly and film growth during solution processing is still not fully

understood. A fundamental understanding of the involved physical processes during OSC

deposition including solvent evaporation, fluid flow, mass transport, concentration gradient,

crystallization and phase separation, would greatly support the development of printed

organic electronics.[74]

Up to now, fundamentals of the deposition regimes for meniscus-guided coating

(relation between coating speed and film thickness) and nucleation (patterned surface wetting)

have been well understood. However, the exploration of the correlation between deposition

parameters, physical processes and microstructural evolution in thin films is still not complete.

The need of combined experimental and computational studies on solution processing of

OSCs towards a new insight on the crystallization mechanism is significant.

1.5.1 Role of conjugation length on molecular self-assembly

Molecular structure of OSCs has a key impact on the film morphology and charge

transport in OFETs. For instance, the molecular weight of P3HT greatly influences the

formation of nanofibers and the side chains of benzothiadiazole-cyclopentadithiophene (CDT-

BTZ) copolymer significantly impact the molecular packing.[105, 106] As for small molecule

OSCs, a wide range of studies focused on side chain and end groups that impact the molecular

packing and film morphology.[39, 107, 108] However, there is little exploration on the role of

conjugation length on the self-assembly behavior of small molecule OSCs.
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The influence of the conjugation length of small molecule OSCs on the electronic

performance of thin film transistors includes two factors. On one hand, the conjugation length

leads to different crystallization ability that impacts the molecular microstructure and thus

influence charge carrier transport. On the other hand, the conjugation length of small

molecule OSCs influences the HOMO/LUMO that determines the charge injection.

In Chapter 2, I focus on the control of the self-assembly and transistor characteristics

of an analogous set of pyrene-functionalized diketopyrrolopyrroles (pyrene-DPPs) obtained

by “successive incorporation” of DPP motifs. The well-defined pyrene-DPP analogues are

systematically examined in correlation of (i) conjugation length of pyrene-DPPs and (ii) the

solution-processing conditions employed for the thin film formation. Especially, extending

the π-conjugation length of the DPP core is found to reduce the self-assembly ability, but

leads to a transition from unipolar to ambipolar OFET characteristics.

1.5.2 Influence of polymer binder on OSC crystallization

Drop-casting and SVED exhibits advantages on controlling the self-assembly of small

molecule OSCs and promoting high crystallinity.[86, 87] However, the misaligned crystals

often impede the charge carrier transport in OFETs. As discussed in Chapter 1.4.3, meniscus-

guided coating is an efficient technique to deposit OSC thin films with well controlled

morphologies.[104] To overcome the challenge of depositing small molecule OSCs into

large-area, uniform, and continuous crystalline films, blending insulating polymer with small

molecule OSCs has been employed to improve the film-forming ability.[100, 109, 110] Even

though the phase separation between OSC and insulating polymer is well understood, there

are no studies on the influence of polymer binder on OSC crystallization.[100]

In Chapter 3, a new method is presented based on dip-coating a blend consisting of

OSC and insulating polymer to control the crystallization of OSCs. A small fraction of

amorphous polymer binder efficiently improves the morphology and alignment of dip‐coated
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small molecule OSCs. The improved crystallization during dip-coating is attributed to two

mechanisms: first, the polymer binder leads to a viscosity gradient at the meniscus during

dip‐coating, facilitating the draw of solute and thus mass transport. Second, the polymer

binder solidifies at the bottom layer, providing an appropriate nucleation barrier height of

small molecule OSC.

1.5.3 Impact of meniscus shape on OSC crystallization

Meniscus-guided coating yields aligned and highly crystalline morphologies of

conjugated small molecules and polymers.[50] Strategies on modulating meniscus-guided

coating techniques to achieve high charge carrier mobility have been developed, but only little

insight on the fundamentals of the fluid mechanics on the crystal growth of OSCs has been

provided. An in-depth study of the role of meniscus shape on fluid mechanical phenomenon

and the pivotal fluid mechanical effect on OSC crystallization mechanism are still lacking.

In Chapter 4, I demonstrate the impact of the meniscus shape on the fluid flow and

crystallization of OSCs during meniscus-guided coating. The developed angle-dependent dip-

coating (ADDC) allows precisely controlling the meniscus shape (meniscus angle). A small

meniscus angle favors the upward flow in the meniscus, shifting the stagnation point away

from the contact line and increasing the concentration gradient. This fluid flow assisted

crystallization at small meniscus angle weakens at elevated nucleation barriers, but

strengthens by high supersaturation. The resulting aligned crystalline film with high surface

coverage favors the charge carrier transport in C8-BTBT based field-effect transistors.

1.5.4 Coating speed governed morphology formation

Various physical processes are involved during meniscus-guided coating, including

solvent evaporation, fluid flow, mass transport, concentration gradient, OSC nucleation and

crystallization. The investigation of these physical processes is complex and challenging, but
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essential to precisely control the OSC film growth.[58] For instance, the study of the

evaporation rate provides a predictive model for optimizing coating speed.[66] The

understanding of the fluid flow also favors the development of meniscus-guided coating.[111]

However, there is only little work on the dynamics and kinetics of the crystallization process.

Comprehensive understanding of the crystallization mechanism of OSCs during meniscus-

guided coating is still lacking.

Therefore, in Chapter 5, I focus on the role of zone-casting speed on the nucleation

and crystal growth of small molecule DPP(Th2Bn)2. Precise control of the size of spherulitic

and aligned crystals was achieved by zone-casting at appropriate processing temperature. In

the evaporation regime, the domain sizes of spherulitic DPP(Th2Bn)2 increases with the

decrease of coating speed. At relatively low speed the spherulites exhibit aligned morphology.

The phase field simulation of the in-plane crystallization demonstrates that a slower coating

speed leads to lower nucleation density, and thus large crystal domain. A further slow coating

speed leads to the aligned morphology owing to the disappearance of nucleation point at the

evaporation front. This work demonstrates that the crystal growth during meniscus-guided

coating is governed by coating speed and concentration gradient.
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Chapter 2 Long-range molecular self-assembly of -extended pyrene-

functionalized diketopyrrolopyrroles

2.1 Introduction

Most solution-processable small molecule OSCs with meaningful carrier mobilities

transport only one type of carriers (holes or electrons), and organic field effect transistors

(OFETs) made thereof are said to be unipolar.[1, 2] Some of the best molecular OSCs have

reached carrier mobilities >10 cm2 V-1 s-1, for both holes and electrons.[3, 4] In contrast,

molecular OSCs with ambipolar characteristics are not common, and in general their hole and

electron mobilities have remained modest and/or unbalanced. Molecular OSCs with

established ambipolar behavior were in general vacuum-sublimed into films, and the few

reported instances of solution-processable analogues have shown fairly low performance.[5-7]

One of the main difficulties in achieving efficient charge transport with small molecules is

related to the requirement for a high valence band edge and/or a low conduction band edge

conducive to a sufficiently low band gap.[8] In turn, rational molecular design principles

geared to the development of solution-processable ambipolar OSCs remain at the forefront of

research on organic electronics.

In earlier studies, solution-processable DPP-based small molecules have been

described as promising materials for OPVs and OFETs.[9] A few instances of DPP-based

ambipolar small molecules with added strong electron-deficient units have been described,

leading to balanced hole and electron mobilities of 0.01 cm2 V-1 s-1.[10, 11] In separate work,

hydrogen-bonding DPP-based analogues with pronounced intermolecular interactions and

suppressed LUMO energy level exhibited ambipolar behavior as well, with hole and electron

mobilities as high as 0.01 cm2 V-1 s-1.[12] Therefore, DPP-based -conjugated small

molecules are promising candidates for use in ambipolar OFETs, but an efficient, rational
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molecular design approach remains to be developed to further improve their ambipolar carrier

transport characteristics towards higher mobility values and a controlled self-assembly.

In this Chapter, I describe an analogous set of pyrene-DPPs (namely, SM1–3)

obtained by “successive incorporation” of DPP motifs to reveal the influence of conjugation

length on self-assembly behavior and charge transport performance. SVED was utilized to

control the film growth of SM1-3.[13, 14] Distinct crystal morphologies for SM1-3 can be

obtained from SVED with CHCl3, whereas SVED with THF induces various fiber

morphologies. In particular, extending the π-conjugation of the DPP core is found to mitigate

the long-range self-assembly of SM1–3 and, in turn, to lower crystal size and fiber length.

Furthermore, extending the -conjugation length by incorporating additional DPP motifs

along the main-chain in SM1-3 suppresses the LUMO level, which in turn promotes electron

injection from the transistor gold electrode into the active layer. As a result, SM3 exhibits

mobilities of ca. 0.06 cm2 V-1 s-1 for hole and ca. 0.02 cm2 V-1 s-1 for electrons, which are

among the best ambipolar carrier mobility values reported so far for solution-processed

oligomeric systems.[1]

2.2 Pyrene-DPP analogues
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Figure 2.1.Molecular structure of Pyrene-DPP analogues SM1-3.
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Figure 2.1 provides the molecular structures of the pyrene-DPP analogues SM1-3

synthesized by Dr. Philipp Wucher. For this study the conjugation length was extended via

incremental incorporation of DPP motifs and overall extension of -conjugation. The

incorporation of C2-symmetric pyrene end-groups is expected to promote the -stacking of

SM1-3 and facilitate their long-range molecular self-assembly.

Figure 2.2. (a) Normalized solution (CHCl3) optical absorption spectra of SM1, SM2, SM3;
solution and spin-coated film optical absorption spectra for (b) SM1, (c) SM2 and (d) SM3.

In Figure 2.2, the solution absorption of SM1 in CHCl3 shows two transition peaks (0-

1 transition at ca. 571 nm and 0-0 transition at ca. 610 nm). The absorption peak of SM2 is

observed at ca. 660 nm (0-1 transition), with a long-wavelength shoulder at ca. 692 nm (0-0

transition). SM3 exhibits the absorption peak at ca. 730 nm (0-0 transition) and a short-

wavelength absorption shoulder at ca. 694 nm (0-1 transition). The absence of defined

spectral features in SM2 and SM3 suggests that higher side-chain density resulting from the

incorporation of several DPP motifs reduces -aggregation. The thin-film optical absorption

spectra of SM1-3 provided in Figure 2.2b-d show significant red-shifts as -conjugation

extends from SM1, to SM2 and to SM3: onsets of absorption shifting from ca. 700 nm, to ca.
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900 nm, to ca. 1,000 nm in thin films, respectively. The appearance of two vibronic peaks and

significant red shifts for spin-coated SM1-3 films result from a much stronger aggregation in

solid films than in solution.

As shown in Table 2.1, the ionization potentials (IP) determined by photoelectron

spectroscopy in air (PESA) for SM1-3 fall in the range (-) 5.0-5.2 eV (Carried out by Dr.

Philipp Wucher). The electron affinity (EA) estimates are provided from consideration of the

IP and optical gap (Eopt) values inferred from the onset of thin-film absorption: here EA values

increases from (-) 3.36 eV to (-) 3.69 eV and to (-) 3.87 eV upon extending the -conjugation

as in SM1, SM2 and SM3, respectively.

Table 2.1. Optical and electrochemical parameters for SM1-3, estimated by PESA and thin-
film optical absorption.

Pyrene-

DPPs

λsolua

[nm]

λfilmb

[nm]

Eoptd

[eV]

IPc

[eV]

EAe

[eV]

SM1 571, 610 600, 660 1.72 -5.08 -3.36

SM2 660, 692* 722, 801 1.39 -5.08 -3.69

SM3 694*, 730 778, 874 1.28 -5.15 -3.87
a Optical absorption spectra in CHCl3 solution. b Optical absorption spectra in thin films. c

Estimated from the optical absorption spectra (films). d Estimated by photoelectron
spectroscopy in air (PESA). e Inferred from PESA-estimated IPs and Eopt values. *Peak of
absorption shoulder.

2.3 Spin-coating and drop-casting of pyrene-DPPs

To probe charge carrier transport in SM1-3, solution-processed OFETs were fabricated

with a BGTC geometry on SHMDS. Turning to spin-casting, homogeneous layers of SM1-3

could easily be achieved from the 2 mg/mL CHCl3 solution, and those were then subjected to

thermal annealing at 150 °C to remove any residual solvent. Source and drain electrodes were

deposited by gold evaporation. As shown in Figure 2.3 and Table 2.2, the hole mobility of

spin-coated films of SM1 was found to be 5 × 10-4 cm2 V-1 s-1 and 2.5 - 4.0 × 10-3 cm2 V-1 s-1

for SM2 and SM3, respectively (Figure 2.3).



Long-range molecular self-assembly Chapter 2

44

Figure 2.3. Transistor transfer (Vds= -80 V) and output curves based on spin-coated SM1-3
films obtained from a 2 mg/ml CHCl3 solution on SHMDS: (a, d) SM1, (b, e) SM2, and (c, f)

SM3.

These relatively modest mobility values in spin-coated films can be attributed to the

limited molecular ordering occurring in the rapid spin-coating and solidification steps (Figure

2.4). When SM1-3 were drop-cast from a CHCl3 solution at a concentration of 2 mg/ml, only

inhomogeneous and disordered macroscopic patches could be obtained. Changing the

concentration of SM1-3 in CHCl3 did not improve film quality.

Table 2.2. OFET characteristics of SM1-3 processed by spin-coating from 2 mg/mL CHCl3
solution.

Pyrene-DPPs Spin-coating μhole [cm2V-1 s-1] VT[V]

SM1 1000 rpm (5.2 ± 1.3) × 10-4 -14
SM2 1000 rpm (2.0 ± 0.8) × 10-3 -6
SM3 1000 rpm (4.2 ± 0.7) × 10-3 -16

Average value and standard deviation are calculated from 10 individual devices. BGTC
transistors are fabricated after annealing 60 min at 150 °C based on SHMDS.
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Figure 2.4. GIWAXS patterns of spin-coated SM1-3 films obtained from a 2 mg/ml CHCl3
solution on SHMDS: (a) SM1, (b) SM2, and (c) SM3.

2.4 SVED of pyrene-DPPs

Figure 2.5. Solvent vapor enhanced drop-casting (SVED).

In order to improve the film-forming propensity and molecular organization of SM1-3

in solution-cast layers, SVED approach shown as Figure 2.5 was followed to (i) minimize

dewetting effects and (ii) mitigate the solvent evaporation rate.[13] During SVED, the drop-

cast solution, deposited on a SHMDS, was exposed to an atmosphere of saturated solvent vapor

in a solvent container with a covered lid (nearly airtight). CHCl3 was selected as the solvent

because of its relatively low boiling point of 61.2 °C and high partial pressure, and because of

the good solubility the SM1-3 analogues in that solvent. And the solubility of SM1-3

gradually decreased with the increase of conjugation length. The Hansen solubility parameters

of CHCl3, such as dispersion force, polar force and hydrogen bonding, are 17.8, 3.1 and 5.7,

respectively.
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Figure 2.6. Polarized microscopy images of images of (a,d) SM1, (b,e) SM2 and (c,f) SM3
layers obtained by SVED from CHCl3 (top images) and THF (bottom images). Scale bars:

100 μm.

As SVED processing protocol, 0.15 mL CHCl3 solution of SM1-3 at a concentration

of 2 mg/mL was cast on the substrate and was subsequently exposed to saturated CHCl3 vapor

atmosphere. At the slow solvent evaporation rate during SVED, the concentration of SM1-3

increased leading to a gradual self-assembly of SM1-3. After 8 hours, SM1-3 solidified into

semicrystalline films and were annealed at 150 °C for 60 min to remove residual solvent and

promote an equilibrium molecular organization across the layers. In Figures 2.6a-c and 2.7a-c,

the polarized optical microscopy and atomic force microscopy images of the thin films cast by

SVED show the occurrence of very distinct morphologies and morphological length scales. In

particular, crystal domain sizes are found to decrease on going from layers obtained with SM1,

SM2 and with SM3, i.e. as -conjugation length extends across the Pyrene-DPP analogues.

CHCl3-mediated SVED leads to the formation of diamond-shaped crystals with SM1, with

lengths and widths of 80-250 µm and 30-35 µm, respectively (thickness: 1.5-2 µm). In

contrast, spherical-crystals are obtained with SM2, with diameters of 5-10 µm (thickness: 0.6-

1 µm). Meanwhile, CHCl3-mediated SVED yields a grain-like morphology with SM3, with

significantly smaller features of 1-2 µm in size. The large crystallites developed in SM1-

based layers are characteristic of long-range macroscopic order and, as a general trend,
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microstructure size decreases for the more extended molecular analogues SM2 and SM3,

pointing to an evident correlation between molecular length and crystal feature size. By

increasing the number of DPP motifs along the main-chain of the Pyrene-DPP analogues, the

side-chain density also increases and, in turn, the self-assembly pattern of SM1-3 changes

with an apparent mitigation of aggregation as the density of pyrene end-groups decreases on

going from SM1 to SM2 and to SM3.

Figure 2.7. Tapping-mode of atomic force microscopy images of (a,d) SM1, (b,e) SM2 and
(c,f) SM3 layers obtained by SVED from CHCl3 (top images) and THF (bottom images).

The boiling point, polarity and solubility of the solvent greatly influence the

thermodynamics and crystallization kinetics of -conjugated, solution-processable molecules.

To investigate the influence of solvent on the self-assembly of SM1-3, THF was taken as a

second solvent for a direct comparison to CHCl3, considering that both solvents possess a

similar boiling point (65.4 °C for THF and 61.2 °C for CHCl3) and close polarity (4.0 for THF

and 4.1 for CHCl3). It is important to note however that the Hansen solubility parameter of

THF is different in the dispersion force, polar force and hydrogen bonding values of 16.8, 5.7

and 8.0, respectively.[15] In contrast to CHCl3, THF shows a lower dispersion force, but a

higher polar force and hydrogen bonding power, suggesting that the solubility of SM1-3 in

THF may be lower than that in CHCl3. For this reason, a longer time is actually needed for the
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complete dissolution of SM1-3 in THF, compared to CHCl3. In addition, we observed a

stronger propensity for SM1-3 to aggregate in THF during the SVED processing step,

compared to what we observed for CHCl3-mediated SVED.

Figures 2.6d-f and 2.7d-f show that in THF-mediated SVED protocols, SM1-3 self-

order into various types of fibers in a wide range of length scale and aspect ratio. SM1 forms

one-dimensional wavelike-fibers, with lengths varying from 200 µm to 10 mm, while the

widths of these fibers are 2-5 µm (thickness: 0.3-0.5 µm). As for SM2, needle-like fibers with

smaller aspect ratios are formed that are 150 µm to 1 mm in length and 1-20 µm in width

(thickness: 0.1-3 µm). In consistency with the outcome of the CHCl3-mediated SVED

protocol, SM2 forms shorter fibers compared to SM1 (likely due to the same reasons), and

SM3 forms the shortest fibers of 10-50 µm in length. These observations are in agreement

with the correlation seen between molecular structure and self-assembly patterns for SM1-3

subjected to the CHCl3-mediated SVED protocol.

Figure 2.8. Normalized optical absorption spectra of SM1-3 (0.01 mg/mL) in CHCl3 (dash
line) and THF (solid line).

The remarkable morphological differences observed comparing the self-assembly

patterns of SM1-3 from CHCl3- and THF-mediated SVED is directly connected to the

solubility and aggregation propensity differences of the SM1-3 analogues in the two solvents.

As stated earlier, the solubility of SM1-3 in THF is slightly lower than in CHCl3, owing to the
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weaker molecule-solvent interactions between pyrene and THF. In Figure 2.8, the normalized

solution optical absorption spectra of SM1-3 (0.01 mg/mL) in THF and CHCl3 imply that the

aggregation of SM1-3 in different solvents governs the film morphology. The optical

absorption of SM3 in THF exhibits a long-wavelength shoulder at 810 nm in contrast to

CHCl3, indicating SM3 tends to form initial aggregates during THF-mediated SVED. The A0-

0/A0-1 ratios of SM1-2 in THF are slightly higher than in CHCl3, suggesting SM1-2 may be

more prone to self-assembly into aggregates due to their reduced solubility in THF.

2.5 Molecular organization

Figure 2.9. GIWAXS patterns of (a,d) SM1, (b,e) SM2 and (c,f) SM3 layers obtained by
SVED from CHCl3 (top images) and THF (bottom images). Reflections related to the layer

structure and -stacking are indicated in the patterns.

The correlated effects of -conjugation length and side-chain density on the self-

organization of the Pyrene-DPP analogues during the SVED treatment was further examined

via grazing incidence wide-angle X-ray scattering (GIWAXS, performed by Dr. Tomasz

Marszalek). The corresponding GIWAXS patterns are shown in Figure 2.9. The surface
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orientation of SM1-3 on the SHMDS, as well as the interlayer and -stacking distance

parameters are summarized in Table 2.3. The GIWAXS pattern for CHCl3-mediated SVED-

processed SM1 films shown in Figure 2.9a possesses a notably high number of reflections

characteristic of a crystalline film. The distinct out-of-plane scattering intensity at qz = 0.43 Å-

1 for qxy = 0 Å-1 is assigned to an interlayer distance of 14.6 Å and a preferential edge-on

organization where the long molecular axis is aligned in the in-plane direction, parallel to the

surface.

Table 2.3. Summary of the interlayer and -stacking distance parameters for SM1-3 as
determined by GIWAXS. Rin/out for the interlayer peak is derived to gain information about
the surface arrangement. Rin/out = 1 - random crystal orientation on the surface; Rin/out > 1 -
face-on; Rin/out < 1 – edge-on orientation of the molecules.

Pyrene-DPPs SVED Interlayer
distance (Å)

-stacking
distance(Å)

Rin/out Interlayer (-)

SM1 CHCl3 14.6 3.5 0.02
SM2 CHCl3 17.0 3.7 0.23
SM3 CHCl3 17.0 -* 0.70
SM1 THF 16.5 3.5 0.07
SM2 THF 19.2 3.5 0.02
SM3 THF 19.2 3.5 0.02

*no corresponding reflection.

The surface arrangement of the molecules SM1-3 is derived from the azimuthal

intensity integration of the main 100 interlayer peak - marked in Figure 2.10a, which can be

quantified by the Rin/out parameter.[16] This value is defined as a ratio between the in-plane

and the out-of-plane intensity of a corresponding reflection. If Rin/out is equal 1, the azimuthal

intensity distribution on the pattern is isotropic, indicating a random orientation of the crystals

or domains on the surface. If the value is significantly higher or lower that 1, the film bears a

preferential face-on or edge-on orientation of the molecules. For CHCl3-mediated SVED-

processed SM1 films, a Rin/out = 0.02 points to an edge-on organization of the molecules

relative to the substrate surface. The wide-angle off-equatorial reflection at qz = 0.47 Å-1 for

qxy = 1.77 Å-1 is associated to a -stacking distance of 3.5 Å between two pyrene units which
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are tilted by about 15° with respect to the out-of-plane direction. This angle can be directly

derived from the position of the maximum peak intensity of the π-stacking reflection. The π-

stacking interactions between pyrene units of SM1 molecules are proven by recently

published single crystal data.[17] As shown in Figure 2.11, the DPP core is also titled, but by

an angle of -15° with respect to the out-of-plane (cf. schematic illustration of the surface

organization). The in-plane reflection at qz = 0 Å-1 and qxy = 0.85 Å-1 is associated to a

distance of 0.74 nm and corresponds to two times the -stacking value, as well as to the a

parameter of the single crystal unit cell, implying a lateral shift of the molecules along their

long axis.[17]

Figure 2.10. Azimuthally integrated intensity of (a) interlayer and (b) π-stacking reflections
obtained for SM1, SM2 and SM3 films deposited from CHCl3 and THF.

The GIWAXS pattern for THF-mediated SVED-processed SM1 films shown in Figure

2.9d describes a larger interlayer and an identical -stacking distance. The smearing out along

the azimuthal direction set aside, the reflections are broader, suggesting slightly lower

crystallinity compared to the films obtained by CHCl3-mediated SVED (Figure 2.9a). For
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THF-mediated SVED-processed SM1 films, the pyrene units are tilted by a larger angle of ca

45° with respect to the out-of-plane as evident from the corresponding off-reflections at qz =

1.37 Å-1; qxy = 1.23 Å-1 assigned to the -stacking (see Figure 2.9d - -), while the DPP

main-chain maintains an orientation tilt of -15°. The larger tilt angle of the pyrene motifs with

respect to the DPP main-chain inferred from GIWAXS analyses indicated a dihedral out-of-

plane rotation of the pyrene moieties relative to the DPP core by ca. 30°. The surface

arrangement/orientation of SM1, processed from CHCl3 and THF, is schematically illustrated

in Figure 2.11. The expansion of the interlayer distance from 14.6 Å to 16.5 Å by changing

the solvent from changing the solvent from CHCl3 to THF may be explained by subtle

variations in alkyl side-chain packing and inter-digitation thereof in the films obtained from

two different solvents. The degree of the surface alignment of SM1 achieved from THF is

slightly reduced in comparison to that seen in the crystals obtained from CHCl3, as indicated

by the rise of the Rin/out parameter from 0.02 to 0.07.

Figure 2.11. Side view of the schematic illustration for the organization of SM1 in thin film
deposited from a) CHCl3 and b) THF. The pyrene units are indicated by red color, while the

DPP core in blue. For the sake of simplicity, alkyl side chains are omitted.

Contrasting with the highly crystalline patterns of SM1 obtained from CHCl3-

mediated SVED, Figure 2.9b,c show that self-organization in SM2 and SM3 is shorter-ranged,
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as evident from the reduced number of reflections across the GIWAXS patterns. Both SM2-3

analogues also show a layered organization with an interlayer spacing of about 17.0 Å and

some extent of edge-on arrangement as indicated by the maximum intensity of the out-of-

plane interlayer reflections (Figure 2.10). However, the domains are found to be more

randomly ordered on the surface, as the Rin/out parameter increases to 0.23 for SM2 and 0.70

for SM3. The larger interlayer distance found for SM2 and SM3, in comparison to SM1, can

be explained by the greater number of DPP motifs in the former-motifs appended with

sterically demanding branched side-chains.[18] The near-identical interlayer distance

estimated for SM2 and SM3 can be related to subtle changes in the in-plane organization

relative to the surface. Both compounds are only weakly in-plane packed (Figure 2.10), as the

corresponding -stacking peak shows a rather low intensity for SM2 (-stacking distance of

3.7 Å) or is absent in the case of SM3. The reduction in structural order on going from SM1

to SM2 and to SM3 is in agreement with the data obtained from optical spectra (discussed in

earlier sections), from which it was noted that the more -extended SM analogues aggregated

more weakly in solution (likely due to the side-chain effect).

Figure 2.12. Schematic illustration of the -stacking for SM1-3 film deposited by SVED
from CHCl3 and THF.

The GIWAXS patterns of SM1-3 shown in Figures 2.19d-f and 2.10, and obtained

from THF-mediated SVED, indicate a different organizational pattern in comparison to those

discussed above for CHCl3-mediated SVED. In contrast to SM1, for which structural order
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was found to decrease slightly on changing the SVED solvent from CHCl3 to THF, the

crystallinity of SM2 and SM3 improves by THF-mediated SVED processing. This is reflected

in the greater number of distinct higher-order interlayer and -stacking reflections in the

corresponding patterns in Figure 2.6e,f. In both cases, the molecules are organized

preferentially edge-on (Rin/out = 0.02 for SM2 and SM3), with interlayer and -stacking

distances of 19.2 Å and 3.5 Å for SM2 and 19.2 Å and 3.5 Å for SM3. Although the X-ray

results do not provide strong evidence about the molecular packing, it is assumed based on the

structural data of SM1 that the π-stacking interactions occur between pyrene units also for

SM2 and SM3 (Figure 2.12). Similar to SM1, the angle of the wide-angle off-reflections for

SM2 also suggest a 45° tilt of the pyrene motifs with respect to the surface. For SM3, the

molecular packing is significantly enhanced by using THF in comparison to CHCl3, yielding a

distinct in-plane -stacking reflection associated to a distance of 3.5 Å. The in-plane position

of this peak is characteristic for a non-tilted arrangement of the pyrenes. While a close

correlation between conjugation length in SM1-3 and thin-film crystallinity exists for films

processed from CHCl3–mediated SVED, those are not as prominent for films processed from

THF–mediated SVED. The films obtained from THF show a distinct layer organization for all

three SM analogues, with only a modest suppression of molecular packing with increasing

conjugation length, whereas the degree of surface alignment tends to drop.

2.6 OFETs

To examine the influence of morphology and molecular organization on the carrier

transport in SM1-3, BGTC transistors were fabricated following the same protocol as that

developed for the spin-coated films. As shown in Figure 2.13 and Table 2.4, transistors based

on SM2 obtained from CHCl3-mediated SVED afford unipolar transport with a hole mobility

of 0.12 cm2 V-1 s-1 and a threshold voltage VT of -5 V. Meanwhile, transistors based on SM3
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achieve ambipolar transport with a hole mobility of 0.06 cm2 V-1 s-1 and a rather balanced

electron mobility of 0.02 cm2 V-1 s-1. In the forward drain mode for Vds > 0 V, the crossover

point from hole- to electron-dominated current is at approximately Vg = 40 V (Figure 2.13b).

On the other hand, the crossover point from electron- to hole-dominated current in the reverse

drain mode is at around Vg = 4 V (Figure 2.13b).

Figure 2.13. Transistor transfer and output curves of (a,c) SM2 and (b,d) SM3 films obtained
by SVED from CHCl3.

The output curve indicates contact resistance for SM2-3. This can be related partly to a

mismatch between the HOMO of the compounds and work function of the gold electrodes.

More importantly, the distinct crystalline morphologies of SM2 and SM3 also influence the

semiconductor/electrode interface leading to different contact resistances. We assign the

transition from unipolar transport in SM2 to ambipolar transport in SM3 to the suppressed

LUMO level induced on extending the-conjugation through successive incorporation of the

DPP motifs. The decrease of the hole mobility from 0.12 cm2 V-1 s-1 in SM2 to 0.06 cm2 V-1 s-
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1 in SM3 origins from the less of -stacking and the reduced grain domain size in CHCl3-

mediated SVED-processed SM3.

Figure 2.14. Typical transfer (Vds= - 80 V) curves of SM1-3 transistors owning gold source
and drain electrodes: SM1 obtained from a) CHCl3 SVED, b) and THF SVED, as well as c)

SM2, and d) SM3 both obtained from THF SVED.

Table 2.4. OFET characteristics of SM1-3 processed by CHCl3-mediated and THF-mediated
SVED. BGTC transistors are fabricated on SHMDS after annealing 60 min at 150 °C.

Pyrene-

DPPs
Electrode SVED♯ μhole / μelectron [cm2V-1 s-1] VT [V]

SM1
Au CHCl3 (6.0 ± 1.2) × 10-4 / N/A - 3

Au THF (2.1 ± 0.8) × 10-4 / N/A - 3

SM2
Au CHCl3 (1.2 ± 0.1) × 10-1 / N/A - 5

Au THF (4.2 ± 1.4) × 10-4 / N/A - 7

SM3
Au CHCl3 (6.1 ± 0.1) × 10-2 / (2.0 ± 0.2) × 10-2 4 / 40*

Au THF (3.4 ± 0.9) × 10-4 / N/A -3.0

SM2 Al CHCl3 (4.1 ± 0.2)× 10-2 / (1.2 ± 0.2)× 10-2 -4 / 38*

SM3 Al CHCl3 (2.0 ± 0.1)× 10-2 / (2.1 ± 0.1)× 10-2 -27 / 22*
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♯SVED,*crossover point in forward and reverse drain mode. Average value and standard
deviation are calculated from 10 individual devices.

Figure 2.15. Transfer and output curves of SM1-3 transistor owning Al source and drain
electrodes: a), b) SM2, and c), d) SM3 obtained from CHCl3 SVED.

Surprisingly perhaps, transistors based on SM1 and fabricated from CHCl3-mediated

SVED and those made with SM1-3 and fabricated from THF-mediated SVED afforded only

modest hole mobilities of less than 0.001 cm2 V-1 s-1 (Figure 2.14 and Table 2.4). The random

orientations of crystals and/or fibers leading to a high density of grain boundaries and the

voids formed between crystals and/or fibers may be at the origin of those limitations.

Therefore, SM1 diamond-like crystals and SM1-3 fibers obtained from THF processing tend

to show higher molecular order, but lower carrier mobilities compared to CHCl3-mediated

SVED processed OFETs with SM2 and SM3.

To lower the injection barrier for electrons in OFETs processed from CHCl3-mediated

SVED with SM2, we tentatively used aluminum source and drain electrodes. As shown in

Figure 2.15 and Table 2.4, these transistors based on SM2 achieve ambipolar behavior with a

hole mobility of 0.04 cm2 V-1 s-1 and an electron mobility of 0.01 cm2 V-1 s-1. Here, it is worth
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noting that ambipolar transport is achieved via the low work-function of aluminum (ca. 4.2

eV), promoting electron injection into the semiconductor layer in spite of the shallower

LUMO of SM2 compared to that of SM3. At the same time, the energy offset between the

HOMO of SM2 and the metal work-function increases, resulting in reduced hole injection and

hole mobility values following this device engineering approach.

2.7 Conclusion

In summary, I have demonstrated that the extension of -conjugation length across the

set of well-defined, analogous pyrene-functionnalized DPP molecules SM1-3 induces critical

changes in their self-assembly when the molecules are subjected to SVED protocols. In

particular, I found that the more extended pyrene-DPP analogues tend to form smaller crystal

sizes and very distinct morphologies as a result. The self-assembly also depends on the nature

of the solvent used in the SVED protocols. The formation of the one-dimensional fibers of

SM1-3 in THF is attributed to initial aggregation in solution, owing to the reduced solubility

and strong - stacking interactions. Furthermore, swapping CHCl3 for THF also improves

structural order for the more -extended molecular systems (SM2, SM3). Further

incorporations of DPP motifs into the main-chain of the small molecules induces a significant

narrowing of the energy gap, mainly through a suppression of the LUMO level on going from

SM1, to SM2 and to SM3. While OFETs based on SM2 show unipolar hole transport

characteristics only, OFETs made with SM3 exhibit ambipolar field-effect behavior.

The content of this chapter has been published in: Chemistry of Material

Reprinted with permission from (Chem. Mater. 2018, 30, 15, 5032-5040)

Copyright © 2018, American Chemical Society
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Chapter 3 Crystallization control of organic semiconductors during meniscus-guided

coating by blending with polymer binder

3.1 Introduction

Small molecule OSCs show advantages to form highly ordered crystalline films and

some of the best carrier mobilities have reached up to 10 cm2 V–1 s–1.[1-3] However, solution

processed small molecule OSCs are prone to suffer from their uncontrolled nucleation and

growth limiting their functionality in electronic devices.[4] In Chapter 2, SM1 diamond-like

crystals fabricated from CHCl3-mediated SVED and SM1-3 crystalline fibers fabricated from

THF-mediated SVED show higher molecular order but yielded low hole mobilities of less

than 0.001 cm2 V-1 s-1. The limited mobility results from the random orientations of crystals

and fibers and the voids formed between crystals and/or fibers. Alignment of the growing

OSC thin film can be achieved by dip-coating due to the directional motion of substrate.[5-7]

However, it is also challenging to dip-coat small molecule OSCs into large-area continuous,

crystalline thin films due to the low viscosity and dewetting propensity of their solutions.[8]

Blending small molecule OSCs with insulating polymers has been demonstrated as an

effective way to fabricate high performance OFETs with high reproducibility,[1, 9, 10]

including OSCs such as rubrene,[11] TIPS-pentacene,[12] C8-BTBT,[1] diF-TES-ADT.[13,

14] Therefore, dip-coating of OSCs and polymer blends may mitigate the challenges

associated to solution processing of small molecule OSCs since the polymer binder is

expected to improve the film-forming ability. Especially, the understanding of the correlation

between the coating conditions and the resulted morphology in terms of the crystallization

mechanism of small molecule OSCs in the blend is still incomplete.

This chapter describes that a small fraction of amorphous PMMA efficiently improves

the crystallization of dip-coated small OSCs, DH4T and diketopyrrolopyrrole-sexithiophene
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(DPP6T). The maximum charge carrier mobilities of dip-coated OSC:PMMA films are

significantly higher than drop-cast blend and comparable with OSC single crystals. The high

charge carrier mobility originates from a continuous alignment of the crystalline films and

stratified OSC and PMMA layers. The improved crystallization is attributed to the elevated

mass transport induced by viscosity gradient.

3.2 Dip-coating of DH4T:PMMA blend

Figure 3.1. (a) Schematic illustration of the dip-coating process (inset: magnification of
meniscus). (b) Molecular structures of DH4T, DPP6T and PMMA. Polarized optical

microscopy images of (c) dip-coated DH4T:PMMA(100 kDa, 10%) and (d) dip-coated DH4T.

Meniscus-guided coating is an efficient approach for deposition of OSCs films.[15, 16]

The schematic in Figure 3.1a illustrates the dip-coating process involving a concave solution

meniscus during the vertical withdrawal of a substrate from solution. The molecular structures

of DH4T, DPP6T, and insulator polymer PMMA are presented in Figure 3.1b. Three different
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MWs of PMMA, 2 kDa, 100 kDa, and 2480 kDa were studied. The DH4T:PMMA(100 kDa, 10%)

blend was dip-coated from a 3 mg/mL CHCl3 solution at a speed of 5 μm/s on a Si/SiO2

substrate treated by oxygen plasma (Splasma). Here CHCl3 was selected as the solvent because

of its good solubility of small molecule OSCs and relatively low boiling point of 61.2°C with

high partial pressure.[17] The oxygen plasma treatment leads to high substrate surface energy

and thus wettable property, assisting the film formation during solution processing.[18]

Polarized optical microscopy images in Figure 3.1c display aligned crystalline ribbons of the

DH4T:PMMA(100 kDa, 10%) film. These structures are highly birefringent and optically

anisotropic indicating high order and long-range macroscopic orientation of DH4T molecules.

In contrast, when dip-coating pristine DH4T only few aggregates were formed at the edge of

the Splasma but no nucleation on the substrate surface occurred, as shown in Figure 3.1d.

Figure 3.2. Transfer and output characteristics of dip-coated DH4T:PMMA(100 kDa, 10%) film.

BGTC transistors based on the dip-coated DH4T:PMMA(100 kDa, 10%) film were

fabricated with the channel parallel to the alignment of the crystalline ribbons. Typical

transfer and output curves are shown in Figure 3.2. A hole mobility of 0.05 cm2 V−1 s−1 is

obtained with an on/off ratio of around 106 and a threshold voltage of -17 V.
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Figure 3.3. Polarized optical microscopy images and hole charge carrier mobility of dip-
coated DH4T:PMMA films for various (a,c) weight fractions of PMMA (at 100 kDa) and (b,d)

MWs of PMMA (at 10 wt%).

To understand the effect of PMMA on the crystallization kinetics of DH4T during dip-

coating, systematic studies were performed with the focus on the role of wt% and MW of

PMMA. As shown in Figures 3.3a and 3.4, Polarized optical microscopy and atomic force

microscopy images exhibit the morphology of DH4T:PMMA(100 kDa) for the dip-coating

speeds of 5 μm/s, 10 μm/s and 20 μm/s and different wt% of PMMA from 2 wt%, to 5 wt%

and 10 wt%. During dip-coating, solvent evaporation and substrate withdraw lead to solute

supersaturation at the meniscus, inducing nucleation and crystal growth at the contact line.[16]

By decreasing the dip-coating speed of the DH4T:PMMA blend, dendritic crystals gradually

change into long-range aligned crystalline ribbons and the film thickness increases

continuously from 20 nm to 250 nm. The dendritic crystals originate from mismatch the
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crystal growth. Interestingly, blending of PMMA can enhance the mass transport and improve

the crystal growth of DH4T. In this way, the formation of dendritic crystals is inhibited and

crystalline ribbons with high coverage are grown.

Figure 3.4. Atomic force microscopy images of dip-coated DH4T:PMMA films by varying
the dip-coating speed and the weight fraction (wt%) of PMMA(100 kDa).

The MW of PMMA was varied from 2 kDa to 100 kDa and 2480 kDa for

DH4T:PMMA(10%) to understand the effect of MW of PMMA on the growth of DH4T. Low-

MW PMMA(2 kDa) leads to dendritic crystals at a high dip-coating speed of 20 μm/s and to

crystalline ribbons with a low coverage at 5 μm/s (Figure 3.3b). The high-MW PMMA(2480 kDa)

favors the alignment of the dendritic crystals at 20 μm/s and significantly enhances the

coverage density of crystalline ribbons at 5 μm/s. The morphology characterization proves

that blending of a small wt% of the polymer binder can efficiently improve the crystallization

of small molecule OSCs during dip-coating.
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However, this does not mean that higher wt% or Mw of PMMA can continue improve

the morphology of dip-coated DH4T:PMMA. For instance, the dip-coated DH4T:PMMA(2480

kDa, 50%) films obtained at 5 μm/s exhibit stick-slip-morphology (Figure 3.5).[19] Therefore, the

high quality crystalline morphology requires an appropriate wt% of PMMA and coating

parameters.

Figure 3.5. Polarized optical microcopy image of the stick-slip morphology of dip-coated
DH4T:PMMA(2480 kDa, 50%) obtained at 5 μm/s.

BGTC transistors based on dip-coated DH4T:PMMA films were fabricated, in which

the crystalline ribbons were aligned along the channel. As shown in Figure 3.3c, the

mobilities of dip-coated DH4T:PMMA(100 kDa) films increase with the decrease of the dip-

coating speed. For the same dip-coating speed, high-wt% PMMA leads to a higher charge

carrier mobility (Figure 3.3c). In the case of 5 μm/s, DH4T blending with 10 wt% PMMA(100

kDa) exhibits an average mobility of 0.05 cm2 V−1 s−1 which is 2 and 6 times higher than that

with 5 wt% and 2 wt% PMMA, respectively. Concerning the MW of PMMA, high-MW

PMMA results in more homogeneous morphologies and thereby higher charge carrier

mobilities (Figure 3.3d). A maximum mobility of 0.1 cm2 V-1 s-1 is obtained for the dip-coated

DH4T:PMMA(2480 kDa, 10%) film at 5 μm/s which is on par with the highest values for DH4T

single crystals and vacuum sublimated films.[20] However, the device performance of dip-

coated DH4T:PMMA films depends on their crystalline morphology. A high void area and

low degree of alignment lead to a low charge carrier mobility.
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3.3 Spin-coating and drop-casting of DH4T:PMMA blend

Figure 3.6. Polarized optical microscopy images of spin-coated (a) DH4T and (b) DH4T:
PMMA(2480 kDa, 10%), drop-cast (c) DH4T and (d) DH4T:PMMA (2480 kDa, 10%).

For spin-coated and drop-cast film, the influence of a small fraction of PMMA on the

DH4T crystallization is minor. Discontinuous aggregates are formed after spin-coating both

pristine DH4T and DH4T:PMMA(2480 kDa, 10%), as shown in Figure 3.6. After drop-casting,

pristine DH4T grows into randomly distributed crystal flakes, while the drop-cast

DH4T:PMMA(2480 kDa, 10%) film reveals mainly flake-like crystals and few dendritic one

(Figure 3.6). These results indicate that PMMA weakly influences the crystallization of DH4T

during spin-coating and drop-casting. The charge carrier mobilities for drop-cast pristine

DH4T and DH4T:PMMA(2480 kDa, 10%) films are 0.015 cm2 V-1 s-1 and 0.013 cm2 V-1 s-1,

respectively (Figure 3.7).
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Figure 3.7. Transfer and output curves of drop-cast (a, b) DH4T and (c, d)
DH4T:PMMA(2480 kDa, 10%).

3.4 Role of polymer binder on OSC crystallization

3.4.1 Meniscus angle and viscosity

To understand the origin of the improved crystallization induced by blending PMMA

during dip-coating of DH4T, the meniscus angle and solution viscosity were studied. As

shown in Figure 3.8, the meniscus angle for the dilute PMMA/CHCL3 solution (less than 3

mg/mL) is around 32-34°, which is independent on wt% and MW of PMMA, and corresponds

to the meniscus angle of CHCl3. In addition, the meniscus angle of the PMMA/CHCL3 (3

mg/mL) solution keeps stable during the drawdown of liquid level, indicating a stable

meniscus angle during dip-coating. The stable meniscus angle results from the low surface

tension of CHCl3 (26.7 mN/m).[21] This proves that a small fraction of PMMA does not

influence the dip-coating meniscus angle of the CHCl3 solution.
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Figure 3.8. (a) Photographs of the meniscus angle of the Splasma immersed in 0.3 mg/
PMMA(2480 kDa)/CHCl3. (b) Meniscus angle of PMMA/CHCl3 solution during dip-coating.

The dynamic viscosity of a solution containing small conjugated molecules mainly

depends on the solvent viscosity in contrast to a polymer solution.[22] In our case, we

assumed that only PMMA influence the viscosity of solution, since PMMA chains entangle at

the increased concentration and result in stronger interchain forces leading to a high

viscosity.[23] Thereby, the viscosity of the DH4T/CHCl3 solution is a constant and identical

to that of CHCl3 (�� = 0.61 cP), while the viscosity of the DH4T:PMMA/CHCl3 solution is

attributed to the wt% and MW of PMMA. The dynamic viscosity of dilute PMMA/CHCl3

solution was measured by an Ostwald capillary viscometer, fitted according to the Huggins

equation[24]

� � � ��tt� � �� � �
���� ∗ ��tt�

������� � ��tt�
� � ��� ∗ ��tt� � ��ͻ�� ∗ ��tt� �

(Equation 3.1)

wherein, η0=0.61 cP, cPMMA=0.3 mg/mL.

As shown in Figure 3.9a, the viscosity of the dilute PMMA/CHCl3 solution increases

with wt% and MW of PMMA. At a concentration of cPMMA = 0.3 mg/mL (corresponding to

the 10 wt% PMMA in 3 mg/mL DH4T:PMMA/CHCl3), the viscosity of the bulk solution

(�����) of PMMA(2480 kDa)/CHCl3 is around 0.68 cP, only slightly higher than �� (Table 3.1).
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However, the viscosity at the meniscus during dip-coating is expected to be higher due to the

increased solution concentration caused by solvent evaporation.

Table 3.1. The dynamic viscosity of PMMA/CHCl3 solution.

Concentration
Dynamic viscosity [cP]

CHCl3 PMMA(2 kDa) PMMA(100 kDa) PMMA(2480 kDa)

0.06 mg/mL

0.61

0.61 0.61 0.61

0.12 mg/mL 0.61 0.61 0.63

0.3 mg/mL 0.61 0.62 0.68

3.0 mg/mL 0.62 0.65 1.75

The viscosity of defined DH4T/CHCl3 and defined DH4T:PMMA(2480 kDa, 10%)/CHCl3 at

the meniscus is estimated by COMSOL. As shown in Figure 3.9b, a viscosity gradient of

defined DH4T:PMMA(2480 kDa, 10%)/CHCl3 is formed at the meniscus due to blending of

PMMA in contrast to the constant viscosity of defined DH4T/CHCl3. The calculated result

exhibits an obvious viscosity-gradient at the meniscus, and an even higher viscosity is

expected at the solution-substrate contact line in reality. As a consequence, the thickness of

dip-coated PMMA(2480 kDa) is higher than those for PMMA(100 kDa) and PMMA(2 kDa), as shown

in Figure 3.9c. It demonstrates that viscosity-gradient at the meniscus contributes to the

increased mass transport for the film deposition. Therefore, the viscosity-gradient at the

meniscus plays a crucial role on improving the crystallization of DH4T.

Figure 3.9. (a) Dynamic viscosity of dilute PMMA/CHCl3 bulk solution. (b) Calculated
dynamic viscosity at the meniscus of defined DH4T/CHCl3 solution (η0= 0.61 cP) and
defined DH4T:PMMA/CHCl3 solution (ηbulk = 0.68 cP). (c) Average thicknesses of dip-

coated PMMA from 0.3mg/mL CHCl3 obtained at different coating speed.
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3.4.2 Phase separation

Figure 3.10. ToF-SIMS depth profiles of dip-coated DH4T:PMMA(2480 kDa, 10%) films
reconstructed from the areas indicated by (a) red circle shapes and (b) yellow triangle. (c) and
(d) lateral distributions of characteristic secondary ion signals on the top surface of dip-
coated DH4T:PMMA films obtained by ToF-SIMS imaging analysis. (e) Schematic cross-

section diagram of the DH4T and PMMA distribution in the dip-coated films.

To reveal the phase separation and distribution of the two components in the dip-

coated DH4T:PMMA film, time-of-flight secondary ion mass spectrometry (ToF-SIMS) were

performed (carried out by Lothar Veith). Depth profiles in the negative secondary ion polarity

of the DH4T:PMMA(2480 kDa, 10%) film were acquired in the ToF-SIMS dual-beam depth

profiling mode (Figure 3.10a,b). For the crystalline area (Figure 3.10a, highlighted circle in

the inset optical image), the depth profile shows in the sputter time from 0 s to 60 s a constant

high intensity of DH4T-specific ions (S−, C6HS−) and low intensity of PMMA- specific ones

(CH3O−, C4H5O2−). After this sputter time, the DH4T signals decrease, while the PMMA

signals increase. This indicates a vertical phase separation in the dip-coated DH4T:PMMA

film with a top DH4T layer and bottom PMMA layer. In the non-crystalline area (highlighted

triangle in the inset optical image of Figure 3.10b), PMMA (CH3O−, C4H5O2−) signals

decrease from the beginning within the first 20 s indicating a thin PMMA layer, while no
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DH4T (S−, C6HS−) were detected (Figure 3.10b). The lateral signal distribution of compound-

specific positive ions on the film top surface exposes the complementary distribution of

DH4T (C28H35S4+, Figure 3.10c) and PMMA (C2H3O2+, Figure 3.10d).

Figure 3.11. (a) Contact angle of water on PMMA layer and DH4T layer. PMMA layer is
obtained by spin-coating and DH4T layer is obtained by dip-coating with PMMA (DH4T

appears at the top surface). (b) ToF-SIMS depth profiles of dip-coated DH4T:PMMA(2480 kDa,

10%) as a function of depth.

The vertical distribution between DH4T and PMMA is induced by the difference of

surface energy.[25] As shown in Figure 3.11, the contact angle of water on PMMA layer

(571°) is lower than that on DH4T layer (912°), indicating that the surface energy of DH4T

is lower than PMMA. Therefore, DH4T is preferentially enriched at the top free surface to

reduce the overall energy.[26] The average thickness of bottom PMMA layer for

DH4T:PMMA(2480 kDa, 10%) is around 45 nm (Figure 3.11b).

3.4.3 Crystallization process

The schematic illustrations of the dip-coating process for PMMA, DH4T, and

DH4T:PMMA (optimized wt% and MW of PMMA) are shown in Figure 3.12. In the

evaporation regime, solvent evaporation leads to the film growth at the solution-substrate

contact line.[16] Dip-coating of PMMA from CHCl3 yields a continuous film (Figure 3.12a).

Since the concentration of PMMA in the meniscus increases with solvent evaporation, a
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higher viscosity occurs at the dip-coating meniscus. The entanglement of polymer coils

results in strong interchain forces, contributing to the film formation.[23] In contrast, pure

DH4T poorly nucleates since the insufficient mass transport of solute inhibits the nucleation

of DH4T crystals (Figures 3.12b and 3.1d). As for dip-coating of DH4T:PMMA, a viscosity

gradient at the meniscus is established due to the blending of PMMA (Figure 3.12c). The

increased viscosity draws more DH4T from solution to the solution-substrate contact line.

Further solvent evaporation results in supersaturation at the meniscus near the contact line.

The entangled PMMA chains are more prone to solidify on the substrate surface than DH4T.

As consequence, PMMA firstly solidifies at the contact line and forms a continuous layer on

the substrate. The solidified bottom PMMA layer provides an appropriate nucleation barrier

for nucleation and thus induces large-scale growth of DH4T by suppressing random creation

of spontaneous nucleation.[27] The MW of PMMA plays also an important role on the DH4T

crystallization. High-MW PMMA shows higher interchain forces stronger supporting the

formation of aligned DH4T crystal ribbons, while low-MW PMMA leads only to dendritic

crystals of DH4T.

Figure 3.12. Schematic illustration for the dip-coating of (a) PMMA, (b) DH4T, and (c)
DH4T:PMMA (with optimized wt% and MW of PMMA).

3.4.4 Molecular organization

To understand the effect of the polymer binder on the DH4T molecular organization,

the dip-coated DH4T:PMMA(2480 kDa, 10%) film was further examined via GIWAXS and
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selected area electron diffraction (measured by Katrin Kirchhoff). The corresponding

GIWAXS and selected area electron diffraction patterns are shown in Figure 3.13 and the unit

cell parameters are listed in Table 3.2. For drop-cast pristine DH4T film, the GIWAXS

pattern exhibits a notably high number of reflections, implying a pronounced crystallinity

(Figure 3.13a). The main meridional reflection at qz = 0.22 Å-1 for qxy = 0 Å-1 is assigned to an

interlayer distance of 2.84 nm. The wide-angle equatorial scattering intensity at qz = 0 Å-1 for

qxy = 1.61 Å-1 is related to a π-stacking distance of 0.39 nm. The reflections for the drop-cast

DH4T:PMMA(2480 kDa, 10%) film are located on identical positions, but are smeared over the

azimuthal direction of the pattern (Figure 3.13b) characteristic for randomly oriented crystals

on the surface. In contrast, the dip-coated DH4T:PMMA(2480 kDa, 10%) film shows a sufficient

scattering intensity indicating still a high crystallinity of oriented DH4T (Figure 3.13c).

Figure 3.13. GIWAXS and selected area electron diffraction patterns of (a,d) drop-cast DH4T,
(b,e) drop-cast and (c,f) dip-coated DH4T:PMMA(2480 kDa, 10%). Miller indices are used to

assign the reflections.

The interlayer distance and π-stacking distance of dip-coated DH4T:PMMA film are

2.85 nm and 0.39 nm, respectively, verifying an identical molecular organization as found for

drop-cast DH4T (schematic illustration in Figure 3.14). Figure 3.13d-f presents the

highlighted diffraction peaks in the selected area electron diffraction patterns for indexing the



Crystallization control of organic semiconductors Chapter 3

75

unit cell. Based on the GIWAXS and [001] zone electron diffraction patterns, a monoclinic

unit cell of a0=5.93 Å, b0=7.88 Å, and c0=28.42 Å for drop-cast DH4T is derived. These

parameters are identical to the reported DH4T unit cell of thermally evaporated films.[28] The

structural analysis revealed nearly unchanged monoclinic parameters for the drop-cast

DH4T:PMMA film with a1=5.88 Å, b1=7.70 Å, c1=28.24, and for dip-coated DH4T:PMMA

with a2=5.81 Å, b2=7.70 Å, c2=28.53. This indicates that no polymorph of DH4T is formed in

the dip-coated DH4T:PMMA film, different with the case of TIPS-pentacene blended with

P3HT during slow solution crystallization.[29] Therefore it can be concluded that amorphous

PMMA efficiently assists the crystallization of dip-coated small molecule OSCs with high

crystallinity without influencing the unit cell parameters.

Figure 3.14. Illustration for the molecule packing of DH4T on the substrate in the dip-coated
DH4T:PMMA(2480 kDa, 10%) film.

Table 3.2. Unit cell parameters of DH4T in films based on drop-cast DH4T, drop-cast and
dip-coated DH4T:PMMA(2480 kDa, 10%).

Parameter
Drop-cast

DH4T

Drop-cast

DH4T:PMMA(2480 kDa, 10%)

Dip-coated

DH4T:PMMA(2480 kDa, 10%)

a/A° 5.93 5.88 5.81

b/A° 7.78 7.70 7.70

c/A° 28.42 28.24 28.53
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3.5 Dip-coating of DPP6T:PMMA blend

Figure 3.15. Polarized optical microscopy image of a dip-coated DPP6T obtained at 5 μm/s
(3 mg/mL in CHCl3).

Figure 3.16. Polarized optical microscopy images and hole charge carrier mobility of dip-
coated DPP6T:PMMA films for varying (a,c) the weight fraction of PMMA (100 kDa) and

(b,d) MW of PMMA (10 wt%).

To prove the general character of the polymer binder on the crystallization of small

molecule OSCs during dip-coating, DPP6T was additionally chosen as model compound
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since its transistor performance suffers from the uncontrolled crystal growth during drop-

casting. For pristine DPP6T, only discontinuous small crystals were obtained by dip-coating

at 3 mg/mL from CHCl3 due to the poor film-formation ability (Figure 3.15). Varying dip-

coating speed did not improve the film morphology. For dip-coating DPP6T:PMMA, the

fraction (2 wt%, 5 wt%, and 10 wt%) and MW (2 kDa, 100 kDa, and 2480 kDa ) of PMMA

were varied (Figure 3.16). As shown in Figure 3.16a, blending 100 kDa PMMA induces an

alignment of the DPP6T crystals, while a higher wt% of PMMA and slower dip-coating speed

lead to larger crystal domains. The increase in MW of PMMA improves the film homogeneity

(Figure 3.16b). However, few cracks and wrinkles appear in the high-MW blend when the

dip-coating speed decreases to 10 μm/s and 5 μm/s due to stress induced during film drying

(Figures 3.16b and 3.17).[30]

The charge carrier mobility of dip-coated DPP6T:PMMA films with crystals aligned

along transistor channel is summarized in Figure 3.16c,d. The mobility of the DPP6T:PMMA

films increases with wt% and MW of PMMA (Figure 3.16), owing to its homogenous

morphology, which is in agreement with the trend observed for the dip-coated DH4T:PMMA

blend. In contrast to the DH4T:PMMA blend, the highest mobility of 0.55 cm2 V-1 s-1 of the

DPP6T:PMMA(2480 kDa, 10%) blend is found for the highest dip-coating speed of 20 μm/s. This

suggests that the dip-coating speed need to be carefully optimized for each special small

molecule OSC due to their different self-assembly ability.

Figure 3.17. Optical microscpoy images of the morphology of dip-coated DPP6T:PMMA(2480

kDa, 10%) films with wrinkles obtained at different speeds.

For spin-coated DPP6T and DPP6T:PMMA(2480 kDa, 10%), mobilities of around 0.05 cm2

V-1 s-1 and 0.02 cm2 V-1 s-1, respectively, were determined. These low values arise from the
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low film crystallinity (Figures 3.18a,b and 3.19a,c). The low mobility of 0.005 cm2 V-1 s-1 of

drop-cast DPP6T films is caused by the rough interface between semiconductor and dielectric

(Figure 3.18c,d and 3.19e,g).[31] Drop-cast DPP6T:PMMA(2480 kDa, 10%) exhibits spherulite

crystals and leads to a mobility of 0.2 cm2 V-1 s-1 which is lower than that of dip-coated

DPP6T:PMMA(2480 kDa, 10%) since grain boundaries between spherulite crystals of the drop-

cast DPP6T:PMMA film inhibit the charge transport. These results prove that a small fraction

of the polymer binder also significantly improve the crystallization and charge carrier

transport in dip-coated DPP6T:PMMA films.

Figure 3.18. Optical microscopy images of spin-coated (a) DPP6T and (b)
DPP6T:PMMA(2480 kDa, 10%), Polarized optical microscopy image of drop-cast (c) DPP6T and

(d) DPP6T:PMMA(2480 kDa, 10%).
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Figure 3.19. Transfer and output curves for spin-coated (a,b) DPP6T, (c,d)
DPP6T:PMMA(2480 kDa, 10%) and drop-cast (e,f) DPP6T, (g,h) DPP6T:PMMA(2480 kDa, 10%).
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3.6 Conclusion

This chapter demonstrates that using a minor amount of an insulating amorphous

polymer binder efficiently improves the crystallization of small molecule OSCs during dip-

coating. The crystalline morphology of DH4T is governed by blending PMMA, where high

ratio and high molecule weight of PMMA contribute to high coverage ratio and alignment.

The continuous aligned crystalline films show a stratified DH4T/PMMA layers: top DH4T

layer and bottom PMMA layer. The alignment and phase separation of DH4T and PMMA

contributes to an enhanced charge carrier transport in transistors. Maximum mobilities for

dip-coated DH4T:PMMA are 6 times higher than those of corresponding drop-cast ones, and

are comparable with those of vacuum sublimated films and single crystals. The role of

polymer binder on the crystallization of small molecule OSCs are proved by dip-coating of

DPP6T:PMMA. The mobility of dip-coated DPP6T:PMMA is 2.5 times higher than the drop-

cast DPP6T:PMMA. The improved crystallization is attributed to the elevated mass transport

induced by viscosity gradient owing to the polymer binder.

The content of this chapter has been published in: Advanced Functional Materials

Reprinted with permission from (Adv. Funct. Mater.2018, 28, 1805594)

Copyright © 2018, “John Wiley and Sons” publishing group.
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Chapter 4 Key role of meniscus shape on crystallization of organic

semiconductors during meniscus-guided coating

4.1 Introduction

As Chapter 3 described, dip-coated pristine DH4T and DPP6T films are prone to non-

uniform morphology and void formation due to the limited-mass-transport.[1] A small

fraction of amorphous polymer binder efficiently improves the crystallization of DH4T and

DPP6T. It was found that during dip-coating of OSC:polymer blend, polymer binder leads to

the increase of mass transport for film growth. However, control of the self-assembly and

morphology of pristine OSCs is still challenging but important for printed electronics.

Especially, the crystallization mechanism of pristine OSCs during meniscus-guided coating is

still not fully understood.[2]

As discussed in Chapter 4.1.3, the correlation between coating speed and film

thickness during meniscus-guided coating has been well understood.[3, 4] In addition, a

predictive model about optimizing coating speed to grow OSC film is proposed for meniscus-

guided coating.[5] However, only little insight on the fundamental principles of the fluid

mechanics and OSC crystallization has been provided. A comprehensive study of the relation

between meniscus shape, fluid mechanical process and OSC crystal growth during meniscus-

guided coating is still required.

In this chapter, I focus on the role of deposition parameters (meniscus shape and

surface energy of substrate) on the physical processes such as fluid flow, mass transport and

crystallization. Angle-dependent dip-coating (ADDC) is applied to precisely control the

meniscus shape.[6] The experimental results on ADDC of C8-BTBT and two-dimensional

fluid simulations reveal that the streamline stagnation point between the upward and

recirculation flow is mainly affected by the meniscus shape. A narrow meniscus shape at
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small  facilitates an upward flow leading to a larger concentration-gradient near the contact

line favoring the crystal growth of the OSC. This fluid flow assisted crystallization is also

favored by higher supersaturation caused by a lower solubility of the OSC. On the other hand,

the crystallization is limited on substrates with low surface energy due to an elevated

nucleation barrier. This work gives a comprehensive insight into the OSC crystallization

behavior during meniscus-guided coating taking into account fluid mechanical processes.

4.2 ADDC of C8-BTBT

Figure 4.1. (a) Schematic diagram of ADDC and molecular structure of C8-BTBT (black
arrow indicates coating direction). (b) Relation between CHCl3 and .

During meniscus-guided coating of OSCs, the meniscus refers to the liquid shape

between substrate and coating head or bulk solution, which is determined by a combination of

surface tension and external forces (usually gravity).[7] The meniscus shape (described by )

is not only influenced by surface energy of substrate and surface tension of solvent, but also

depends on the substrate tilt angle ( ) during dip-coating (Figure 4.1a) or the distance of

coating head to the substrate during slot coating and zone-casting. When a Splasma is immerged

into CHCl3, a capillary action occurs at the interface between Splasma and bulk solvent and a
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stable meniscus is achieved immediately. The meniscus angle of CHCl3 ( CHCl3) decreases

from 33 to less than 10 when Splasma is tilted from 0 to 75 (Figures 4.1b and 4.2).

Figure 4.2.Meniscus shape on the Splasma in CHCl3 at tilt angles of (a) α0, (b) α15, (c) α30, (d)
α45, (e) α60, (f) α75. The meniscus shape is described by the meniscus angle (β).

Figure 4.3.Morphology of C8-BTBT crystals obtained at (c) 0, (d) 30 and (e) 60 by
ADDC at 20 μm/s (the white arrow indicates coating direction). (f) Film thickness and (g)
coverage ratio of C8-BTBT as a function of dip-coating speed for different . (h) Mass

deposition of C8-BTBT for different dip-coating speeds as a function of .
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To investigate the role of the meniscus shape on the OSC deposition, C8-BTBT was

coated by ADDC on Splasma from CHCl3. During dip-coating of C8-BTBT at 20 μm/s, CHCl3

on Splasma was precisely controlled by solely varying .[8] At 0 dendritic crystals are grown

due to the limited-mass-transport of C8-BTBT (Figure 4.3a).[3, 9] When the substrate is tilted

to  30  , the growth of dendritic crystals is suppressed and the film turns into crystalline

ribbons aligned in the coating direction (Figure 4.3b). This implies an enhanced mass

transport for the crystal growth caused by the substrate tilting. At further substrate tilting of

60, a terrace-like crystalline morphology is formed (Figure 4.3c).

Figure 4.4. Optical microscopy images of C8-BTBT film morphologies cast by ADDC at
different dip-coating speeds and α. The grey and white scale bars represent 100 μm; the white

scale bar corresponds to the images with bar. Images of aligned crystalline ribbons are
indicated by a red frame.
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During ADDC of C8-BTBT in speeds range from 10 μm/s to 1000 μm/s, the

deposition regimes are characterized by the resulting film thickness. As shown in Figure 4.3d,

the evaporation regime is established for deposition speeds from 10 μm/s to 80 μm/s

characterized by a power-law decrease (exponent -1) in film thickness, while the mixed

regime is found between 200 μm/s and 1000 μm/s. Interestingly, in the evaporation regime of

ADDC, the film thickness is greatly influenced by . For instance, for a dip-coating speed of

10 μm/s, the film thickness is around 200 nm at 60 and 3 times higher than at 0 (Figure

4.3d). In addition, the coverage of the crystalline C8-BTBT film also improves with larger ,

as show in Figures 4.3e and 4.4. For dip-coating speeds between 20 μm/s to 500 μm/s, the

coverage ratio is below 50% for  between 0 and 15 , and increases to above 75% for 

between 60 and 75. The mass deposition (mass volume to area) of C8-BTBT for different

dip-coating speeds derived from the thickness and coverage ratio implies that a large  (or

small ) enhances the mass transport for the film deposition (Figure 4.3f).

Figure 4.5. Subdivision of different growth regimes during ADDC of C8-BTBT (compare to
Figure 4.4).
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The crystalline C8-BTBT films obtained at different dip-coating speeds and , exhibit

distinct morphologies, such as crystalline dots, dendrites, ribbons, and slip-stick structures

(Figures 4.4 and 4.5).[10, 11] Aligned crystalline ribbons result from balanced-mass-transport

at appropriate dip-coating speed and , as highlighted by the red frame of the corresponding

optical microscopy images in Figure 4.4. Limited-mass-transport in the regimes of elevated

dip-coating speed and low  leads to crystal-dots and dendritic growth. On the other hand, in

regime of low dip-coating speed and large , the competition between pinning and depinning

forces induces a “stick-slip” morphology with a certain spacing/stripe ratio.[2] The reduced

spacing at high  contributes to the raised coverage ratio. It implies that the formation of the

stick-slip morphology is subjected to the meniscus shape.

Figure 4.6. (a) Average evaporation rates for bulk solution (Ebulk) for different α determined
by the decrease of the liquid level of the bulk solution in container per second. (b) Film

thickness of C8-BTBT obtained by ADDC at 20 μm/s is indicated by red dots. Dashed lines
are eye guides. The film thickness for varied Ebulk (blue dots) is estimated from the included

equation.

Since the thickness of the dip-coated films is proportional to the evaporation rate of

the bulk solution (Ebulk),[4] Ebulk( ) was measured to clarify its influence on film thickness at

various  . During ADDC of C8-BTBT from a not completed solvent filled vial (15 mL),
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Ebulk(75  ) is around 2.3 times larger than Ebulk(0  ) at 0  (Figure 4.6a), wherein this difference

(varied Ebulk()) is attributed to the change of the liquid level during tilting the vial (Figure 1a).

To perform fluid simulation, average Ebulk(  ) for different  are estimated by

����� �
�

� ∗ h

wherein V is the evaporated solvent volume, A is the area of solution-air interface in container,

t is time (Figure 4.6a).

On the other hand, the film thickness at 75 is 4.5 times higher than at 0, and thus

different from the Ebulk(75  )/Ebulk(0  ) ratio (Figure 4.6b), indicating a substantial impact of the

meniscus shape on the mass deposition during ADDC.

4.3 Fluid flow at the meniscus

Figure 4.7. Two-dimensional (2D) fluid simulation for ADDC. (a)Key parameters in the
applied meniscus model. (b) Meniscus height for different β derived from optical images in

Figure 4.2.

To better understand the role of the meniscus shape on the film formation during

meniscus-guided coating, the fluid mechanical process at the meniscus has been explored.

During ADDC, the fluid flows involve capillary flow induced by non-uniform solvent
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evaporation, Marangoni flow caused by surface tension gradient, and Couette flow driven by

substrate movement.[12] A fundamental feature is the presence of a stagnation point, where

the streamline is perpendicular to the solution surface, separating the fluid into “upward flow

region” and “recirculation flow region” (Figure 4.7). Modelling the fluid flow at the meniscus

is challenging including various factors, such as surface tension of solvent, and surface energy

of substrate, viscosity. Alternatively, we focus on the fundamental role of the meniscus shape

on the fluid mechanical process and film growth. A two-dimensional fluid simulation was

performed based on the Stokes flow, whereby the Marangoni effect is ignored. All fluid

simulations were performed in the evaporation regime at a dip-coating speed of 20 μm/s. The

meniscus shapes for different β were derived from the optical images in Figure 4.2. The plots

in Figure 4.7b demonstrate that the meniscus height and β decrease simultaneously, whereby

for β < 15° the height is less than 0.25 mm at x < 1 mm. The meniscus model for different

geometries was established including solvent evaporation, fluid flow, and concentration

gradient. The x-axis of the Cartesian coordinate represents the distance along the substrate

from the contact line, while y-axis is related to the height perpendicular to the substrate

(Figure 4.7).

Figure 4.8. Em is calculated based on (a) constant Ebulk(0) and (b) varied Ebulk(α).
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The evaporation rate at the meniscus (Em) for different  is determined by the solvent

vapor pressure, which is related to meniscus height and Ebulk( ).[4] The results calculated by

the fluid simulation are shown in Figure 4.8. To exclude the influence of varied Ebulk( ), the

fluid simulations for different β were performed at constant Ebulk(0  ). Under these conditions,

Em is independent on β and decreases with the distance from contact line (Figure 4.8a). At the

same time, the distance of the stagnation point (xsp) from the contact line shifts from 0.26 mm

to 3.40 mm when β declines from 33.5 to 9 (Figure 4.9a). This implies that a small β favors

the upward flow and in this way transports more solute to the contact line for crystallization,

inducing a larger concentration gradient at the meniscus (Figure 4.10). For instance, at x = 0.1

mm, the solute concentration (cm) at β13° (α60°) is 2 and 3 times higher than at β25 (α30) and

β34  (α0  ), respectively (Figure 4.9b). Due to raised cm caused by small β, the C8-BTBT is

more prone to saturate and nucleate at the contact line.

Figure 4.9. Two-dimensional fluid simulation for ADDC. (a) Position of stagnation point (xsp)
as function of α. (b) Solute concentration at the meniscus (cm) at x = 0.1 mm as function of α.

The fluid simulation for different α (and β) was also performed for varied Ebulk(α)

condition to compare with the experimental data obtained for ADDC of C8-BTBT. Besides

the contribution of small β, the gradually larger Ebulk additionally increases Em and intensifies

the upward flow (Figure 4.9). In comparison to constant Ebulk, at varied (higher) Ebulk the
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stagnation point is shifted further away from the contact line (Figure 4.9a) and leads to a

higher cm (Figure 4.9b for x = 0.1 mm as example). In addition to varied (higher) Ebulk, a small

 can significantly enhance the upward fluid flow during meniscus-guided coating resulting in

a higher concentration at the narrow meniscus and finally in greater film thickness (Figure

4.3).

Figure 4.10. Solute concentration at the meniscus (cm) calculated at constant Ebulk.

Figure 4.11. (a) Schematic illustration of ADDC from large container completely filled by the
solution achieving a constant Ebulk at experimental conditions. (b) Film thickness of C8-BTBT
obtained by ADDC at 200 μm/s from large container completely filled by CHCl3 (3 mg/mL).

(c) Film thickness of polystyrene (400 kDa) obtained by ADDC at 80 μm/s from large
container completely filled by CHCl3 (1 mg/mL).

ADDC was also performed from a larger container (50 mL) completely filled by the

solution to achieve a constant Ebulk and exclude the influence of varied Ebulk at experimental
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conditions (Figure 4.11a). Due to extensive material consumption, these experiments were

performed for two representative cases. C8-BTBT and polystyrene (400 kDa) were dip-coated

at 200 μm/s and 80 μm/s, respectively. As shown in Figure 4.11b,c, higher film thicknesses of

C8-BTBT and polystyrene were obtained at greater α, where the increased mass deposition

results solely from small  . These results directly confirm the role of the meniscus shape on

the mass deposition during meniscus-guided coating.

4.4 Surface energy of substrate

The OSC crystallization during meniscus-guided coating is more complex, including

not only the fluid flow, but also the supersaturated concentration as driving force and barrier

for crystal nucleation and growth. The crystallization behavior of OSCs greatly depends on

the substrate roughness, surface energy of substrate, concentration and solubility.[13] For

instance, the nucleation barrier for a 2D spherulite heterogeneous nucleation in solution

deposited films, ΔG�th
∗ , is determined by concentration (c), solubility (δ), temperature (T), the

surface energy between solution and crystals (γCL),[14]

ΔG�th
∗ � ��������

�

������� ln
�
δ

�� � (2)

where kB is Boltzmann’s constant, and the shape factor f(ϑ) is influenced by substrate surface

energy.

Table 4.1. Contact angles () of probe liquids on various substrates.

γ
LV
(mN/m) S

OTS
S
HMDS

S
bare

S
plasma

Ethylene glycol 47.7 104.2±3.4 87.2±2.9 46.0±4.3 11.2±1.9

Formamide 59.1 96.6±1.3 81.1±1.5 40.2±2.5 11.0±1.3

Glycerol 65.0 92.0±1.3 67.0±2.7 29.3±2.2

Water 72.7 68.4±2.6 30.3±2.0



Role of meniscus shape on crystallization Chapter 4

94

To deeper understand the role of the meniscus on OSC crystallization, the influence of

surface energy of substrate on film coating of C8-BTBT was studied. The modulation of

surface energy of substrate was achieved by plasma treatment and self-assembled monolayer

modification of the substrate using HMDS and OTS. The substrate surface energy can be

estimated by combining the equation of state with the Young’s equation.[13] Details on the

contact angle measurements and fittings are shown in Table 4.1 and Figure 4.12.

Figure 4.12. Determination of substrate surface energy via the equation of state approach.
The plot shown is the comparison between experimental data and fitted curve obtained from

the equation of state.

Determination of substrate surface energy via the equation of state approach[13]:

�t⫀� �� � � � γ��
γ��
�� � ��γ�� � γ����� (Equation 4.1)

wherein γLV is the surface tension of solvent and γSV is the substrate surface energy, and � is an

empirical constant unique for each substrate, introduced to reduce the fitting error.
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Figure 4.13. (a) water and water on substrates with different surface energy. (b) Optical images
of meniscus shape of water at substrates with different substrate surface energy for α0.

As presented in Figure 4.13, substrate surface energy is modulated over a wide range

from 21 to 67 mN/m. The surface energy for bare SiO2 surface (Sbare) is around 51.5 mN/m

and for Splasma it is 67 mN/m. However, HMDS and OTS modifications (SHMDS and SOTS)

decrease surface energy to 36.5 and 21 mN/m, respectively (Figure 4.13).[13, 15] The

meniscus angle of water (water) at 0 increases from 31 to 88 when surface energy declines

from 67 to 21 mN/m (Figure 4.13). This trend corresponds to the surface energy dependent

contact angle of water (water).

Figure 4.14.Meniscus angles of CHCl3 (CHCl3) at substrates with different surface energy for
α0, α30 and α60.
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Figure 4.15. (a) CHCl3 and mix at different  as a function of surface energy. (b) The
coverage of C8-BTBT obtained from (top) CHCl3 and (bottom) mixed-solvent CHCl3:hexane

(4:1) on substrates with different surface energy.
In contrast to water, CHCl3 remains around 33-35.5 for the same surface energy range

(Figures 4.14 and 4.15a). The surface energy independent behavior of CHCl3 is owing to the

much lower surface tension of CHCl3 (26.7 mN/m) compared to water (72.7 mN/m).

However, the coverage ratio and crystallization of C8-BTBT during coating at  0  and 20

μm/s significantly rely on substrate surface energy. The coverage is reduced for small surface

energy which is also related to morphology changes in the film (Figure 4.16). For instance, at

0 the dendritic C8-BTBT crystals on Splasma are much wider than those on Sbare, but almost

no nucleation occurs on SHMDS and SOTS (Figure 4.16). For different surface energy,  CHCl3

gradually decreases when  changes from 0  to 30  and 60  (Figure 4.15). The declined

 CHCl3 leads to a higher coverage of C8-BTBT on Splasma and Sbare, but does not efficiently

improve the crystallization on SHMDS and SOTS (Figure 4.16).
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Figure 4.16. Optical microscopy images for film morphologies of dip-coated C8-BTBT at 20
μm/s and at α0, α30 and α60 on substrates with different surface energy from (a) CHCl3 and (b)

mixed-solvent (4:1 CHCl3:hexane). Scale bar is valid for all images.

Therefore, in the case of a similar  during meniscus-guided coating, the

crystallization of OSC still significantly depends on substrate surface energy. Differences in

the crystallization behavior are attributed to the surface energy dependent nucleation barrier

which decreases in the order ∆GOTS
∗ > ∆GHDMS

∗ > ∆Gbare
∗ > ∆Gplasma

∗ (Figure 4.17).[16, 17]

These results indicate that the fluid flow assisted crystallization on low surface energy

substrates is weakened by the high nucleation barrier.

Figure 4.17. The influence of substrate surface energy on the nucleation barrier, ΔG∗, on
different substrates. r* indicates the crucial size for nucleation, where ΔG decreases with the

increase of r when r > r*.
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To facilitate the fluid flow assisted crystallization on low surface energy substrate, a

mixed-solvent (CHCl3:hexane 4:1) was introduced to reduce solubility of C8-BTBT and thus

to improve the supersaturation. The meniscus angle of the mixed-solvent (mix) is also surface

energy independent. At the same  , mix is slightly lower than CHCl3 resulting from smaller

surface tension of hexane (18.4 mN/m), as shown in Figures 4.15a and 4.18. When dip-coated

at 0 and 20 μm/s from mixed-solvent, C8-BTBT exhibits dendritic morphologies with low

coverage on Splasma, Sbare, and SHMDS. The coverage of C8-BTBT greatly enhances at larger 

and reaches above 95% at 60 (Figure 4.16b).

This coverage improvement at large α (small ) is directly attributed to the increased

upward flow and the reduced solubility, leading to higher supersaturation necessary to

overcome the nucleation barrier on SHMDS. This means that to some extent the fluid flow

assisted crystallization is facilitated by the raised supersaturation. However, even under the

same deposition conditions no nucleation occurs on SOTS, which may require a much higher

supersaturation of C8-BTBT for nucleation on this type of surface during dip-coating.

Because of this reason, the substrate surface modification by self-assembled monolayer of

moderate surface energy provides the appropriate requirements for excellent mobility OFETs

through the improvement of the crystallization during meniscus-guided coating at small  and

reduction of the trap density at the interface.
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Figure 4.18.Meniscus angles of mixed-solvent (mix) at substrates with different surface
energy for α0, α30 and α60.

4.5 Molecular organization and OFETs

4.5.1 Molecule organization

To study the packing of C8-BTBT in the dip-coated films, GIWAXS was performed.

The GIWAXS patterns of dip-coated C8-BTBT films indicate identical molecular packing in

films cast at 20 µm/s from CHCl3 at 0, 30, and 60 on Splasma (Figure 4.19). The distinct

out-of-plane scattering intensity at qz = 0.22 Å-1 for qxy = 0 Å-1 is assigned to an interlayer

distance of 2.85 nm.[18] The in-plane reflection at qz = 0 Å-1 and qxy = 1.90 Å-1 is associated

to a -stacking distance of 0.33 nm that is characteristic for a preferential edge-on

organization of the molecules towards the surface, where the long molecular axis is parallel to

the out-of-plane direction. The higher reflection intensity at 60 is related to the greater film

thickness, whereas the low intensity at 0 is attributed to the low surface coverage.

Figure 4.19. GIWAXS patterns of dip-coated C8-BTBT at 20 μm/s from CHCl3 on Splasma for
(a) α0, (b) α30 and (c) α60. (d) Schematic of C8-BTBT packing in the dip-coated OFETs.
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4.5.2 OFETs

Figure 4.20. (a) Average mobilities of C8-BTBT on Splasma dip-coated from CHCl3 at different
speeds as a function of α. Transfer curves at Vds= -100 V for C8-BTBT dip-coated on Splasma

from 3 mg/mL CHCl3 at (b) 200 µm/s, (c) 80 µm/s, and (d) 20 µm/s.

To probe the charge carrier transport of C8-BTBT obtained by ADDC, bottom-gate

and top-contact transistors were fabricated, where the channel length (25 μm) was parallel to

the coating direction (Figure 4.19). The average charge carrier mobilities of crystalline C8-

BTBT films dip-coated on Splasma increase with larger  for different dip-coating speeds

(Figure 4.20a). As derived from the transfer curves, the transistors show a pronounced Ion/Ioff

ratio of around 107-108. When dip-coated at 200 μm/s, dendritic crystals and low coverage

ratio of C8-BTBT lead to a mobility of less than 0.2 cm2 V-1 s-1 at  < 45 which improves for

 > 60  (Figure 4.20a,b). At the deposition speed of 80 μm/s, the mobilities gradually rise

from 0.03 cm2 V-1 s-1 to 1.5 cm2 V-1 s-1 with larger tilt angle α (Figure 4.20a,c). The enhanced

mobility is attributed to the improvement in both coverage ratio and crystalline morphology

of C8-BTBT films (Figure 4.21a,b). At the same time, the turn-on voltage is reduced from -25
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V to around -15 V. The generally high turn-on voltage results from the surface trapping on

Splasma and injection barrier induced by the mismatch between the work function of gold (-5.0

eV) and the HOMO level of C8-BTBT (-5.6 eV). [40, 41]

Figure 4.21. (a) Relation between hole mobility, turn-on voltage, and coverage ratio for C8-
BTBT on Splasma from CHCl3 at 80 μm/s. (b) Charge carrier mobility of C8-BTBT (related to
Figure 4.21a, deposited on Splasma from CHCl3 at 80 μm/s) without (red dots) and with (black

dots) taking the true contact width into account. The corrected mobility (black dots) is
extracted from the measured mobility divided by coverage ratio. The corrected mobility also
increases with higher coverage ratio indicating that the enhanced charge transport results from

the improved crystalline morphology of the deposited film.

At 20 μm/s, the mobility also increases from 0.2 cm2 V-1 s-1 to 1.8 cm2 V-1 s-1 for 

from 0 to 75, except the extraordinary high upwards outlier of 1.6 cm2 V-1 s-1 at 30 (Figure

4.20 a,d). This value found only for 30 and 20 μm/s results from the well aligned crystalline

structures (Figure 4.4). This confirms the common knowledge that both high coverage ratio

and pronounced alignment of crystalline films are important for the charge transport in

OFETs.[1]
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Figure 4.22. (a) Transfer curves at Vds = -100 V for C8-BTBT on different substrates from
mixed-solvent at 20 μm/s and 60.

Surface modification can also favor the charge carrier transport in OFETs. The

transfer curves in Figure 4.22 reveal that the average mobility rises from 1.5 cm2 V-1 s-1 for

Splasma to 2.0 cm2 V-1 s-1 for Sbare and to 2.7 cm2 V-1 s-1 for SHMDS when C8-BTBT is dip-coated

from a mixed-solvent at 20 μm/s and  60  . This improvement in device performance is

attributed to the reduction of the surface trap density due to the self-assembled monolayer

applied at the interface.[19] The highest mobility of around 3.6 cm2 V-1 s-1 is obtained for

SHMDS at 20 μm/s and 60  . Notably, the small mix and low solubility mixed-solvent during

ADDC significantly assists the crystallization of C8-BTBT and thus improves device

performance. It gives inspiration to develop innovative solution deposition techniques and

adaptable OSC (electrode) inks towards industrial-scale printing processes.

4.6 Conclusion

In this chapter, I have discussed the crucial role of the meniscus shape on the fluid

flow and crystallization of small molecule OSCs by ADDC of C8-BTBT. The meniscus angle

is determined the surface tension of solution, surface energy of substrate and substrate tilt

angle. During ADDC, the film thickness and coverage ratio of C8-BTBT increases with
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substrate tilting. With the increase of tilt angle, the crystalline morphology of C8-BTBT

transits from dendritic morphology, to aligned ribbon and to slip-stick morphology. Fluid

flow simulation shows that the increased upward flow at small  enlarges the concentration

gradient at the meniscus. Therefore, the increased mass deposition of C8-BTBT results from

the evaluated concentration gradient yielding raised supersaturation. On the other hand, the

coverage ratio and morphology of C8-BTBT are impacted by the surface of energy of

substrate. At low surface energy of the substrate the fluid flow assisted crystallization at small

meniscus angle is suppressed by an elevated nucleation barrier. At the same time, the fluid

flow assisted crystallization also favored by higher supersaturation caused by a lower

solubility of C8-BTBT. The resulting aligned film morphologies and higher surface coverage

significantly enhance the charge carrier transport in the dip-coated C8-BTBT films.
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Chapter 5 Microstructural evolution of small molecule organic

semiconductor crystals during meniscus-guided coating

5.1 Introduction

In Chapter 3, the dip-coated DH4T:PMMA and DPP6T:PMMA blends show

continuous crystalline thin film morphologies and exhibit comparable charge transport

performance. In Chapter 4, the role of meniscus shape on the fluid flow on the crystallization

of OSC is discussed. These insights on the viscosity gradient and meniscus shape are

important for the scaling-up of printed organic electronics. However, a comprehensive unified

understanding of the OSC crystallization mechanism during meniscus-guided coating remains

elusive.[1, 2] Especially, various meniscus-guided coating techniques have been developed to

obtain aligned crystalline morphologies,[3-5] but only little insight on the origin of alignment

and the microstructural evolution has been so far provided.

Combination of experiment and simulation is an efficient route to reveal the origin of

alignment and microstructural evolution. During meniscus-guided coating of OSCs, the

confinement of OSCs crystallization is imposed in the out-of-plane direction.[6] As for two-

dimensional mode, spherulitic crystal growth is a simple and ideal model to understand the

crystallization mechanism.[6, 7] However, it is challenging to precisely control the spherulitic

morphology. Meanwhile, in order to match the two-dimensional in-plane simulation, the

experimental fluid flow and mass transport that in the out-of-plane should be suppressed.

In this chapter, zone-casting of small molecule DPP(Th2Bn)2 is performed. Spherulitic

crystals of DPP(Th2Bn)2 were obtained by optimizing solution concentration and deposition

temperature, whose domain size was governed by zone-casting speed. In the evaporation

regime, the crystal sizes increase with the decrease of coating speed. A relatively slow coating
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speed lead to aligned morphology. The numerical simulation of the two-dimensional in-plane

crystallization demonstrates that the concentration gradient during meniscus-guided coating is

governed by the depletion induced by crystal growth and the increase due to solvent

evaporation. The aligned morphology at slow coating speed results from the low

concentration gradient near the crystalline growth front. This work proves that during

meniscus-guided coating the morphological evolution of small molecule OSC crystal is

governed by coating speed and concentration gradient. This behavior indicates the formation

of crystal morphology and origin of the alignment.

5.2 Zone-casting of DPP(Th2Bn)2

Figure 5.1. (a) Schematic illustration of zone-casting. (b) Molecular structure of
DPP(Th2Bn)2.

In order to understand the relation between small molecule OSC crystal growth and

coating speed, zone-casting of DPP(Th2Bn)2 was performed as shown in Figure 5.1a. The

low-rigid conjugated backbone and long symmetry side chains of DPP(Th2Bn)2 lead to a

mediate crystallization ability and wetting property of the DPP(Th2Bn)2/CHCl3 solution.

Zone-casting was performed from 3 mg/mL DPP(Th2Bn)2/CHCl3 solution on Splasma. Firstly,

zone-casting speeds vary from 50 µm/s to 1000 µm/s and the deposition temperatures are
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fixed at 50 °C. The deposition temperature (50 °C) is close to the boiling point of CHCl3 (61.2

°C). In this condition, the equilibrium front evaporation rate (Eefe) is expected to above 100

µm/s (this value is from the reported edge-casting evaporation rate).[4] Therefore, the time

scale for fluid flow and mass transport in the out-of-plane is expected to be highly suppressed.

As introduced in Chapter 1.4.3, the deposition regime of zone-casting is characterized

by the relation between film thickness and coating speed.[8] During zone-casting of

DPP(Th2Bn)2, the film thickness obtained at a coating speed of ν (hν) was measured to reveal

the deposition regime. Figure 5.2 shows that the average film thickness <hν> exhibits an

exponential growth with the decrease of coating speed, indicating a typical evaporation

regime for these processing parameters.[9] For instance, <h75> is around 600 nm, which is 6

times of <h1000>.

Figure 5.2. Relation between film thickness and coating speed during zone-casting of
DPP(Th2B)2. hmin indicates the minimum film thickness can be obtained by zone-casting,

which simply estimated as <h1000>/2.

5.3 Spherulitic crystals of DPP(Th2Bn)2

Morphologies of DPP(Th2Bn)2 films obtained by zone-casting at different coating

speeds were inspected by polarized optical microscopy images and atomic force microscopy
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images. As shown in Figures 5.3 and 5.4, a continuous crystalline film is composed of

densely packed DPP(Th2Bn)2 spherulites for coating speeds from 75 µm/s to 1000 µm/s. At a

fast coating speed at 500 (and 1000) µm/s, polarized optical microscopy and atomic force

microscopy images display random spherulitic domains of DPP(Th2Bn)2 crystal. With the

decrease of coating speed, the domain size of DPP(Th2Bn)2 obviously increases and the

random domain gradually turns into anisotropy. When coating speed slows to 75 (and 100)

µm/s, DPP(Th2Bn)2 crystals exhibit a preferred directionality along the zone-casting direction.

It is found that the nucleation point of DPP(Th2Bn)2 appears at the front of crystal domains

along coating direction, different with centralized nucleation at 500 (and 1000) µm/s.

Figure 5.3. Polarized optical microscopy images of zone-cast DPP(Th2Bn)2 crystals obtained
at different coating speed. Scale bare: 100 µm.

Figure 5.4. Atomic force microscopy images of zone-cast DPP(Th2Bn)2 crystals obtained at
different coating speed.
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Figure 5.5. Optical microscopy images highlighted domain boundary of DPP(Th2B)2 crystals
obtain by zone-casting and the corresponding extracted domain diagram of DPP(Th2B)2

crystals for analysis of average domain size.

To determine the relation between domain size (Aν) and coating speed of ν, domain

boundaries of DPP(Th2B)2 crystals was identified and highlighted in the optical microscopy

images in Figure 5.5. For the calculation of the domain size by Image J, the boundaries were

further emphasized and extracted into a domain diagram by Adobe photoshop CS6 (Figure

5.5). As shown in Figure 5.6, relatively small DPP(Th2Bn)2 crystal sizes (A1000 ≈ 30 µm2)

were obtained at 1000 µm/s. With coating speed decreasing from 1000 µm/s to 75 µm/s, the

DPP(Th2Bn)2 domain size grows exponentially. At a slow coating speed at 75 µm/s, the

average film thickness <A75> reaches up to 30,000 µm2, which is around 1000 times of A1000.

The relation between domain size and coating speed indicates that during zone-casting

DPP(Th2Bn)2, the crystal morphology formation is governed by coating speed.

For zone-cast DPP(Th2Bn)2 films, the dimensions of the film thickness hν are much

lower than the diameter (dν) of DPP(Th2Bn)2 crystal domains. This implies that the growth of

DPP(Th2Bn)2 is mainly dominated by a two-dimensional in-plane growth. Though the growth

of DPP(Th2Bn)2 crystals is expected that to be three-dimensional at the initial stage of film

formation, the crystal growth transfers into two-dimensional mode when crystal domain sizes
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exceeds a crystal film thickness. Since the out-of-plane growth is suppressed owing to the

specimen thickness effect.[6, 7]

Figure 5.6. Relation between domain size (Aν) and coating speed of ν for zone-cast
DPP(Th2B)2. Amin indicates the minimum film thickness can be obtained by zone-casting,

which simply estimated as <A1000>/2.

To gain information about the molecular organization of zone-cast DPP(Th2Bn)2 film,

GIWAXS was employed. All deposited films have shown an edge-on orientation as indicted

by the meridional position of the 100 reflection corresponding to the interlayer distance of

2.10 nm (Figure 5.7). Off meridional position of the reflection assigned to the π-π distance of

0.36 nm suggest tilting of the DPP(Th2Bn)2 molecules under angle of 32° to the substrate. At

1000 µm/s, the DPP(Th2Bn)2 crystals exhibit identical reflection patterns for two

measurement directions, perpendicular and parallel to the zone-casting, corresponding to

random spherulitic morphology obtained at high deposition speed (Figure 5.7). In contrast,

the difference in the diffraction patterns for the two measurement directions DPP(Th2Bn)2

films cast at 75 µm/s proves the structural orientation of the crystal domains induced by the

slow coating speed (Figure 5.7).
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Figure 5.7. GIWAXS patterns of DPP(Th2B)2 crystals obtain parallel and perpendicular to
zone-casting direction (a) at 75 µm/s and (b) at 1000 µm/s. Comparison of full range

integration profiles (c) for samples measured parallel and perpendicular to the zone-casting
direction. (“∥” and “⊥” represents measurement parallel and perpendicular to coating

direction, respectively.)

Though the decrease of zone-casting speed leads to the increase of in-plane domain

size of the spherulitic DPP(Th2Bn)2 crystal, the out-of-plane coherence length decreases with

lower coating speed. As shown in Figure 5.8, the coherence length declines almost linearly

with decreasing coating speed from 20.6 nm at 1000 µm/s to 11.8 nm at 75 µm/s. The

decrease of coherence length is caused by random fluctuations and imperfections in the

crystalline lattice which can be quantified by paracrystallinity disorder parameter. As shown

in Figure 5.8, the paracrystallinity disorder increases linearly with decreasing casting speed

and reaches 15.8% at 75 µm/s while at 1000 µm/s is 12%.[11-13] It is assumed that the

formation of paracrystallinity is located between the crystalline domain planes. This may be

related to molecules organisation disturbance in the out-of-plane direction. At low coating

speed, the crystalline growth is affected by shearing forces and thus high molecule order in

the coating direction and in-plane but low order in the out-of-plane. While at high coating
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speed the spherulite growth is not forced in any direction and the out-of-plane order is not so

strongly hindered.

Figure 5.8. Coherence length dCL and paracrystalinity disorder g derived from (100) reflection
for different coating speed.

5.4 Aligned crystal of DPP(Th2Bn)2

Figure 5.9. (a) Optical microscopy and (b) atomic force microscopy images of DPP(Th2Bn)2
obtained by zone-casting at 50 µm/s. GIWAXS patterns of DPP(Th2B)2 crystals obtain at 50
µm/s (c) parallel and (d) perpendicular to zone-casting direction. White arrow indicates the
coating direction. (“∥” and “⊥” represents measurement parallel and perpendicular to coating

direction, respectively.)
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For a lower zone-casting speed at 50 µm/s, morphologies of DPP(Th2Bn)2 transits

from spherulite into aligned morphology (Figure 5.9a). Atomic force microscopy image

indicates no obvious large domain boundaries (Figure 5.9b). It indicates that the formation of

aligned crystal is determined by zone-casting speed. The GIWAXS patterns show the distinct

difference for the two measurement directions, strong reflection at parallel direction but

relatively low reflection at perpendicular direction (Figure 5.9d). It indicates the crystal

growth of DPP(Th2Bn)2 is aligned, corresponding with the optical microscopy images in

Figure 5.9a. Due to the aligned morphology at 50 µm/s, the domain size is not discussed here.

The optical microscopy and atomic force microscopy images and GIWAXS patterns proves

the coating speed governed crystal morphology and the transition from spherulites to

alignment. These behaviors indicate that the nucleation density and position of meniscus-

guided OSC crystallization is impacted by coating speed as well as the concentration gradient

at the evaporation front.

5.5 Numerical model of crystal growth

As discussed above, the growth of DPP(Th2Bn)2 during zone-casting can be described

by two-dimensional in-plane growth. In order to understand the role of zone-casting speed

and solvent evaporation on the microstructural evolution, the phase field method [14] in

combination with a description for spatially anisotropic solvent evaporation was employed to

numerically model the spherulitic crystal growth (Numerical simulation carried by Dr. Jasper

J. Michels). This numerical model [15-18] is based on two types of order parameter fields, a

conserved one, denoted � , representing local volume fraction and a non-conserved one,

denoted � , representing the local crystallinity. Both parameters smoothly vary between 0

(zero concentration/amorphous) and 1 (pure solute/crystalline). In this model, the � -phase

formalism ( ���������� ) was used to account for grain impingement due to mismatch in
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crystalline orientation. The set of coupled dynamic equations governing mass transport

(Cahn-Hilliard) and phase transition (Allen-Cahn) reads as follows:

�� ��h
�h

� ∇ � Λ��
��
��
� �� ��h � � ��h (Equation 5.1)

��t ��h
�h

� Γ�
��
��t
� ��t ��h (Equation 5.2)

where � is the total free energy of the system composed of local and non-local contributions.

Λ�� and Γ� respectively represent a mobility coefficient based on mutual diffusivity[19] and a

kinetic coefficient assuming crystal growth to be limited by diffusion of solute from the

solution towards the liquid-solid interface. The terms �� and ��t represent thermal

fluctuations in the conserved and non-conserved order parameter fields, and � the local

(concentration-dependent) evaporative flux.

Figure 5.10. Schematic illustration of the computational domain. The solid film,
crystallization front and bulk solution are respectively indicated in orange, red and dark red.
The dotted black line represents the “evaporation border”, left (right) of which a positive

constant (zero) solvent mass transfer coefficient (kev) applies. During the simulation run, the
evaporation border is translated at a constant speed �. No-flux boundary conditions for order
parameters � and �i apply at x � x� and x � xL. Periodic boundary conditions apply at the y-

extremes.

The simulated solute-solvent system was assumed to be incompressible ( �solute �

�solvent � �) and impose t��
� �t� � � for the phase fields. In order to identify the regimes and

regions in the liquid where we deem our model to be valid, there are three main assumptions

and simplifications including: (1) material transport is treated in a purely diffusive manner; (2)
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two dimensional in-plane space dimensions, which neglects composition and order parameter

gradients in the z-direction; (3) heat dissipation (e.g. heat of crystallization) is fast in

comparison to material transport and crystal growth.

The computational domain of the zone-coating process is shown in Figure 5.10. An

“evaporation” and a “reservoir” region, respectively indicated by the orange/red and dark red

regions. The former grows linearly in time at the expense of the latter by translating an

“evaporation border” (dashed black line) across the domain at a constant speed � . The red

area represents solution with increased solute concentration, whereas the orange areas

represent crystallized (solidified) solute. In the evaporation region the evaporative mass

transfer coefficient �ev is assigned a positive constant value, whereas in the reservoir region it

is set to zero (�ev��h and n > 1). This way, the evaporation region is subject to irreversible

evaporative mass-loss, whereas in the reservoir region the effect of evaporation is negligible

owing to replenishment. The solute concentration in the reservoir region is not necessarily the

same as the experimental initial concentration in the solution. In contrast, in the evaporation

regime the reservoir concentration may in fact be a steady state value achieved at some small

distance upstream from the solidification front.

Exemplary numerical simulations of spherulitic crystal growth during zone-casting at

different coating speeds are shown in Figure 5.11. One of the most striking results is that for a

given solvent evaporation rate, a critical coating speed exists, below which the crystalline

morphology changes from an impinged shperulitic morphology (as exemplified by Figures

5.11a and b) to an aligned morphology (Figure 5.11c). Near this transition, the size of the

spherulites increases as they become stretched parallel to the coating direction, their

nucleation points becoming off-centered (Figure 5.11 b). These computational results agree

very well with the morphological evolution of DPP(Th2Bn)2 crystal growth during zone-

casting (Figures 5.3 and 5.9a).
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Figure 5.11. Numerical simulation of spherulitic crystal growth during zone-casting at (a) fast,
(b) mediate and (c) slow speeds and comparable rate of evaporation. Length and time scales

in these simulations are non-dimensionalized.

An explanation of the observed phenomena is given in the solute concentration

profiles (�solute ) as shown in Figure 5.12a,b. The images (exemplified in Figure 5.12c,d)

clearly reveal the concentration gradient ( �solute ) that precedes the crystalline region.

�nucleation is the critical concentration that allows the occurrence of nucleation. A maximum

concentration develops owing to the combined effect of an increase in concentration due to

solvent evaporation and a decrease in concentration due to depletion near the crystalline

growth front. In the impingement regime, the coating speed is fast in comparison to the

depletion. The ongoing solvent evaporation drives the maximum concentration into the super-

saturated regime exceed the critical concentration ( �solute� �nucleation� .This allows the

successful nucleation to occur in front of the initial growing crystal domains, giving rise to a

spherulitic crystalline morphology (Figure 5.12a,c). In contrast, in the alignment regime, the

maximum concentration remains below the critical concentration��solute � �nucleation� . As a

result, the insufficient maximum concentration only contribute the growth of the initial crystal

domains and thus leads to aligned morphology (Figure 5.12b,d).
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Figure 5.12. Computational �solute and corresponding schematic illustration along coating
direction at (a,c) fast speed and (b,d) slow speed.

As discussed above, the fluid flow and meniscus shape are not considered in this

simulation. This numerical model focuses on understanding the impact of coating speed and

solvent evaporation on the crystal growth. It indicates that during zone-casting of

DPP(Th2Bn)2 at 50 °C (from CHCl3), the crystal growth at is governed by the interplay

between solvent evaporation and coating speed.

In this work, the crystallization simulation reveals that crystal growth induces a

depletion of solute at the crystalline growth front. It is a strong supplement for the fluid flow

simulation in Chapter 4. Since the small vial was used during ADDC of C8-BTBT to suppress

solvent evaporation and focus on fluid flow without considering the solidification into the

fluid flow simulation. As for zone-casting of DPP(Th2Bn)2, the high evaporation rate is

employed to reduce the out-of-plane flow. It gives an in-plane concentration gradient

influenced by crystal growth and solvent evaporation.
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Therefore, during meniscus-guided coating, the formation of concentration gradient in

the meniscus is a collective effect of the concentration accumulation owing to solvent

evaporation and fluid flow and depletion induced by crystal growth.

5.6 OFETs

Figure 5.13. (a) Illustration of domain boundaries between source and drain electrodes for
DPP(Th2Bn)2 films zone-cast at two different speeds. (b) Mobility μν of DPP(Th2Bn)2 films
zone-cast at 100 µm/s and 500 µm/s as a function of Channel length L. (c) Mobility μν of

DPP(Th2Bn)2 films zone-cast at 100 µm/s as a function of coating speed.

As discussed in Chaper 1.4.3, the charge carrier transport performance of thin film

transistors is influenced by the film morphology. Therefore, in order to reveal the influence of

domain size and structural directionality of zone-cast DPP(Th2Bn)2 on the charge carrier

mobility (µν), BGTC configuration transistors based on DPP(Th2Bn)2 were fabricated. The

BGTC configuration can avoid the influence of the bottom electrodes on the crystal growth of

OSCs, whereby it leads to an underestimated µν induced by bulk traps for thick films,[20, 21]

since the effective pathway for carriers in transistor is the first few layers.[22, 23]
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In the case of the zone-cast speed of 500 µm/s, DPP(Th2Bn)2 crystals exhibit small

domains whose diameter d500 is smaller than channel length (L) (Figure 5.13a). The relation

between µν and L is shown in Figure 5.13b and 5.14. For transistors with L30µm, µ500µm/s is

around 5.1 × 10-3 cm2 s-1 V-1, with an on/off ration of 5x103 (Figure 5.14a). With the increase

of L, µ500µm/s gradually decreases. Thereby, L80µm leads to the lowest mobility around 0.9 × 10-3

cm2 s-1 V-1. The L-dependent behavior of µ500µm/s is induced by the small domain size. As

shown in Figure 5.13a, the number of domain boundaries between source and drain electrodes

will greatly increases when L is increased from 30 µm to 80 µm. In contrast, µ100µm/s remains

unchanged at 1.6 - 2.1 × 10-2 cm2 s-1 V-1 for L varying from 30 µm to 80 µm, exhibiting L-

independent behavior (Figures 5.13a and 5.14c). The constant µ100µm/s arises from the large

domains that are comparable to or longer than L (Figure 5.13a).

Figure 5.13c presents the relation of µν and coating speed of ν for zone-cast

DPP(Th2Bn)2 crystals based on transistor with L30µm. When coating speed decreases from

1000 µm/s to 200 µm/s, µν slightly increase from 0.3 × 10-2 cm2 s-1 V-1 to 0.7 × 10-2 cm2 s-1 V-1.

Lowering the speed further to 100 and 75 µm/s, µ100µm/s and µ75µm/s increase to 1.9 × 10-2 cm2

s-1 V-1 and 2.7 × 10-2 cm2 s-1 V-1, respectively (Figures 5.13c and 5.14e). The output curve

indicates serious contact resistance for DPP(Th2Bn)2 cast at 100 and 75 µm/s (Figure

5.14d,f).[24] This can be related to the bulk traps and bulk resistance of BGTC devices for

thicker film and the rough semiconductor/electrode interface for large DPP(Th2Bn)2

domains.[21] The overall upward trend of µνmainly follows the increase of Aν (Figure 5.13c).

The larger domain size and preferred directionality dominate the charge carrier transport of

DPP(Th2Bn)2 crystals as evident for µ75µm/s around 9 times higher than µ1000µm/s.[13]
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Figure 5.14. Transfer curves of DPP(Th2B)2 obtained at (a) 500 µm/s and (c) 100 µm/s with
different L. (e) Transfer curves of DPP(Th2B)2 obtained at different coating speed for L30μm.
Output curves of DPP(Th2B)2 crystals obtained at (b) 500 µm/s (d) 100 µm/s and (f) 75 µm/s

for L30μm.

At low zone-casting speed of 50 µm/s, the aligned films yield a mobility µ50µm/s of

about 0.1 cm2 s-1 V-1, which is higher than the mobility of spheruliteic DPP(Th2Bn)2. The

corresponding transfer and output curves are shown in Figure 5.15. Since I focused on the

correlation between coating speed and crystal growth during meniscus guided coating, the

optimization of the thickness of the aligned morphology is out of this topic. The electronic

performance of zone-cast DPP(Th2Bn)2 films from 50 µm/s to 1000 µm/s demonstrates that
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domain boundaries impede the hole transport in OFETs and directional or aligned

morphology leads to high mobility.

Figure 5.15. (a) Transfer and (b) output curves of FETs based on aligned DPP(Th2Bn)2
obtained by zone-casting at 50 µm/s.

5.7 Conclusion

In this chapter, a comprehensive understanding of OSCs crystallization during

meniscus-guided coating was established by revealing the morphological evolution of zone-

cast DPP(Th2Bn)2. During Zone-casting of DPP(Th2Bn)2, the domain size and morphology of

spherulitic crystal are governed by coating speed. In the evaporation regime, both domain size

and film thickness of the spherulitic DPP(Th2Bn)2 elevate with the decrease of coating speed.

Random spherulites of DPP(Th2Bn)2 form at a fast coating speed. With the decrease of

coating speed, a distinct growth front uniaxially orients the spherulites in the coating direction.

At a relatively slow coating speed of 50 µm/s, the aligned morphology of DPP(Th2Bn)2 is

formed. The numerical simulation reveals that the morphological during zone-casting is

governed by the concentration gradient influenced by coating speed. The formation of

concentration gradient is attributed to the depletion induced by crystal growth and the increase

due to solvent evaporation. During zone-casting of DPP(Th2Bn)2, fast coating speed leads to

the nucleation in the front of the crystalline growth front and thus leads to spherulites. In
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contrast, crystal growth depletes more solute at slow coating speed and leads to a

concentration gradient lower than the critical concentration for nucleation. In this way, the

insufficient saturation only contributes to crystal growth and thus forms aligned morphology.

GIWAXS results confirm the directionality of DPP(Th2Bn)2 structures obtained at slow

coating speed. In transistors, the large domain size and preferred directionality ensure a high

charge transport.
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Chapter 6 Conclusions

In this thesis, solvent vapor enhanced drop-casting (SVED) and meniscus-guided

coating have been employed to deposit organic semiconductor (OSC) thin films for electronic

applications. In order to precisely control the microstructural evolution of OSCs, molecular

structure and deposition parameters including solvent selection, polymer binder, meniscus

shape and coating speed, were modulated. The study of their correlations allowed to exploit

the crystallization mechanism of OSCs during solution processing. The role of these factors

on fluid flow, concentration gradient and film growth are summarized as follows:

1. To reveal the influence of conjugation length of donor-acceptor small molecule

OSCs on the self-assembly and charge carrier transport, SVED has been employed to control

the self-assembly as presented in Chapter 2. On one hand, the extension of the -conjugation

length of donor-acceptor molecules (pyrene-functionalized diketopyrrolopyrrole, pyrene-DPP

analogues) has a significant impact on their HOMO/LUMO levels and resulting bandgaps.

Especially, the incremental extension of the -conjugation length in pyrene-DPP analogues

leads to the transition from unipolar to ambipolar OFET characteristics, paving the way to a

general rational design approach towards achieving solution-processable small-molecule

ambipolar OFETs, with high balanced hole and electron mobilities. On the other hand, more

extended pyrene-DPP analogues tend to form smaller crystal sizes. The decreased self-

assembly ability results from the extension of conjugation length and the increased number of

alkyl side-chains involved in the DPP core.

Additionally, the self-assembly also depends on the nature of the solvent used in the

SVED protocols. One-dimensional fibers of pyrene-DPP analogues are prone to form in THF,

attributed to the reduced solubility and strong - stacking interactions. However, the one

dimensional fibers of pyrene-DPP analogues show random orientation and large grain

boundary, impeding the charge carrier transport.
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2. In order to achieve large area, aligned crystalline OSC film growth to enhance the

charge carrier transport in transistors, a minor amount of an insulating amorphous polymer

binder has been blended with small molecule OSCs during dip-coating. Chapter 3 describes

the impact of polymer binder on the OSC crystallization during meniscus-guided coating. In

contrast to spin-coating and drop-casting of an OSC:polymer blend, the dip-coated

OSC:polymer blend shows a continuous alignment of the crystalline films with stratified

OSCs/polymer layers.

The improved crystallization is attributed to the increased mass transport owing to the

formation of viscosity gradient at the meniscus. This study provides an understanding on the

crystallization mechanism of small molecule OSCs in the presence of a polymer binder during

meniscus-guided coating. This efficient and convenient methodology is broadly applicable to

various soluble crystalline organic semiconductors, since misaligned crystalline grains and

morphological defects are commonly encountered problems during the coating processes of

small molecules.

3. In Chapter 3, a new method, termed as angle dependent dip-coating, is proposed to

deposit large area, aligned crystalline OSC films. This method is based on the modulation of

the meniscus shape (described by the meniscus angle) by substrate tilting, wherein a large tilt

angle leads to a narrow meniscus shape. Through combined simulation and experiment, it is

found that the increased mass deposition of OSCs during angle dependent dip-coating is

attributed to the narrow meniscus shape and increased evaporation rate. In particular, the

narrow meniscus shape results in an elevated upward fluid flow enlarging the concentration-

gradient at the meniscus and hence yielding raised supersaturation. Therefore, control of the

meniscus shape is a convenient and efficient way to modulate the crystallization of OSCs for

improving their film deposition.

More importantly, the fluid flow assisted crystallization effect during angle dependent

dip-coating is greatly influenced by the surface energy of the substrate. Despite of a narrow
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meniscus shape, OSC crystallization is difficult to achieve on substrates with low surface

energy due to the high nucleation barrier. However, a mixed solvent with low solubility

supports the OSC growth on the substrate with mediate surface energy, owing to the elevated

supersaturation. This is another important aspect since the development of inks and substrate

treatments is also crucial for scaling-up solution processing of OSCs towards practical

applications.

4. In order to understand the microstructural evolution and the origin of aligned

morphologies of small molecule OSCs during meniscus-guided coating, zone-casting of

DPP(Th2Bn)2 was performed and described in Chapter 5. The spherulitic domain size of

DPP(Th2Bn)2 was controlled by the zone-casting speed, whereby a low coating speed leads to

large domains and directional growth of the OSC. At a relatively slow coating speed, the

spherulitic crystal transits into an aligned morphology.

Numerical simulations of the two-dimensional in-plane crystallization demonstrate

that a slow coating speed leads to a low concentration gradient that impedes the additional

nucleation and thus results in an aligned morphology. The concentration gradient in the

meniscus is a combined effect of crystal growth and solvent evaporation as well as the fluid

flow, as described in Chapter 4. At slow coating speed, a low concentration gradient forms in

the meniscus, owing to the strong solute depletion induced by crystal growth but insufficient

increase caused by solvent evaporation. In this way, no additional nucleation occurs in the

front of initial growing crystal domains and an aligned morphology forms at slow coating

speed. Therefore, the morphological evolution of small molecule OSCs during meniscus-

guided coating is governed by zone-casting speed and concentration gradient. Transistors

based on small molecule OSCs crystalline film prove that the large domain size and preferred

directionality contribute to efficient charge transport.
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Figure 6.1. Crystallization mechanism of solution processed OSCs

This thesis has revealed the morphological formation of pyrene-DPP analogues by

SVED and the crystallization mechanism of small molecule OSCs during meniscus-guided

coating. These findings provide a novel insight on the correlation between the deposition

parameters, physical processes, and the microstructure of OSCs as well as their electronic

performance, as shown in Figure 6.1. It can be expected that understanding the physical

processes during solution processing will favor the development of energy-efficient

production of low-cost, high-performance electronic devices.

Nevertheless, a full understanding of the solution processed OSC growth still remains

elusive. For instance, conjugated polymer OSCs show advantages on the fabrication of

flexible device, both the need to clarify their microstructural evolution and crystallization

mechanism is significant. Molecular dopants improve the conductivity and mobility of OSCs,

but it is challenging to modulate the doping efficiency by solution processing. Revealing the

phase separation processes between molecular dopants and active OSCs is expected to

provide new insight on controlling the distribution of molecular dopant in these blend systems.

Up to now, the deposition of highly aligned conjugated polymer OSCs and solution processed
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multilayer architecture are still challenging but important for the development of flexible

printed electronics.



Acknowledgements 7
c

130

Chapter 7 Experimental appendix

7.1 Substrate preparation

The heavily doped n-type Si wafers with a 300 nm thick SiO2 layer were adopted as

substrate. These substrates were cleaned by 20 min ultrasonication in acetone and subsequent

20 min ultrasonication in isopropyl alcohol. In this thesis, the substrate treatment method

includes oxygen plasma, HMDS and OTS modification. For Splasma, silicon wafer substrates

were treated by an oxygen plasma for 3 min. For SHMDS and SOTS, silicon wafer substrates

with a 300 nm thick SiO2 layer were treated with HMDS or OTS at 150 °C for 6 h to form a

self-assembled monolayer.

7.2 Solution processing

7.2.1 Solvent vapor enhanced drop-casting

SVED is an efficient method to tune solvent evaporation rate for controlling the self-

assembly behavior and reduction of the dewetting effect for improved film formation

ability.[1] During SVED in the laboratory, 0.15 mL of OSC solution is drop-cast on a SHMDS

(1.5 × 2 cm2), which is exposed to saturated solvent vapor in a container with a covered lid

(nearly airtight). The container volume of 40 mL contained 3 mL of solvent. The boiling point

of the selected solvent will influence the evaporation rate. In Chapter 2, CHCl3 and THF are

selected as solvent and the SM1-3 concentration is 2 mg/mL.

7.2.2 Dip-coating of OSC:polymer blend

Dip-coating is a low-cost and waste-free process to prepare OSC films for electronic

applications.[2] During dip-coating, the substrate is immersed into the OSC solution and then

withdrawn at a constant speed. Dip-coating of OSC:polymer blends was developed to
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improve the film formation of OSC to gain large area, continuous, and aligned crystalline

morphology.

In Chapter 3, dip‐coating of the pure compounds and blends was performed on Splasma.

The dip-coating was performed at coating speeds of 5 µm/s, 10 µm/s and 20 µm/s from

CHCl3 solution at concentrations of 3 mg/mL for DH4T and DPP6T. The vial volume was 9

mL and the solution volume was 3 mL.

7.2.3 Angle dependent dip-coating

Angle dependent dip-coating is a further development of the traditional dip-coating

method. Angle dependent dip-coating was achieved by tilting the substrate with respect to the

solvent bath, allowing a precise control of the meniscus shape. In Chapter 4, angle-dependent

dip-coating of C8-BTBT was performed from a CHCl3 or CHCl3:hexane solution at a

concentration of 3 mg/mL. The dip-coating speeds ranged from 10 μm/s to 1000 μm/s, and

the substrate tilt angles were tuned from 0 to 75 in ambient atmosphere. The vial volume is

15ml and the solvent volume is 4 mg/mL. Bare Si/SiO2 substrates were treated by oxygen

plasma, HMDS or OTS self-assembled monolayer modification to modulate substrate surface

energy.

7.2.4 Zone-casting

Zone-casting is a meniscus-guided coating technique to deposit OSC films from OSC

solution on a moving substrate.[3] This technique allows controlling the coating speed,

solution and substrate temperature. In Chapter 5, zone-casting was performed from 3 mg/mL

DPP(Th2Bn)2/CHCl3 solution on Splasma with varying coating speeds from 50 µm/s to 1000

µm/s. During zone-casting, the solution and substrate temperatures were 50 °C.
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7.3 Characterizations

7.3.1 Contact angle and meniscus angle

The contact angle () is the angle between a drop of liquid and the substrate formed at

the gas–liquid–solid interface (Figure 7.1a). The contact angle is determined by the Young’s

equation as follows:

�LV cos � �SL � �SV (Equation 7.1)

wherein γSV represents the solid–vapor interfacial tension, γSL is the solid–liquid interfacial

tension, and γLV is the liquid–vapor interfacial tension.[4] The meniscus angle is not only

influenced by the surface tension of the solvent and the surface energy of the substrate, but

also depends on the substrate tilt angle ( ) during dip-coating. Contact angle and meniscus

angle measurements were performed with a contact angle meter, Data Physics, OCA35

(Figure 7.1b).

Figure 7.1. (a) Schematic illustration of contact angle. (b) Contact angle meter, Data Physics,
OCA35.
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7.3.2 Solution viscosity

In Chapter 3, the solution viscosities were obtained by a standard Ostwald capillary

viscometer. The capillary or Ostwald viscometer is a common viscometer. The principle is

simple: measurement of the time for a volume of liquid (solution or solvent) to flow through

the capillary in the vertically aligned viscometer.

7.3.3 UV-vis-NIR spectrum

Figure 7.2. PerkinElmer Lambda 900 spectrometer.

Solution optical absorption measurements were performed using a PerkinElmer

Lambda 900 spectrometer (Figure 7.2). Optical absorption spectra were calculated from the

transmission spectra using the following equation

A= 2 – log(T), (Equation 7.2)

wherein A is the absorbance at a certain wavelength (λ) and T is the transmitted radiation.
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7.3.4 Film morphology

Figure 7.3. Leica polarized optical microscope.
The optical microscopy and polarized optical microscopy images were recorded using

a Leica polarized optical microscope equipped with a digital CCD camera (Figure 7.3).

Atomic force microscope is a common scanning probe microscopy method widely

used to get structural and morphological information if the surface. The atomic force

microscope consists of a cantilever with a sharp probe tip. When the probe tip is brought close

to the sample surface, forces between the tip and the sample lead to a deflection of the tip.

The combining analysis of height and phase images gives surface information such as

thickness, surface roughness, grain size and phase distribution, respectively. In this thesis,

atomic force microscopy measurements for OSC films were performed by a Dimension Icon

FS setup in tapping mode (Figure 7.4).

Figure 7.4. Dimension Icon FS atomic force microscope..
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7.3.5 Film thickness

Figure 7.5. KLA Tencor Profiler.

The thickness of C8-BTBT and DPP(Th2Bn)2 crystalline films were measured by P-7

stylus profiler, KLA Tencor (Figure 7.5).

7.3.6 Molecule organization

GIWAXS is a röntgen based scattering technique for the investigation of molecular

organization of OSC thin films.[5] The GIWAXS measurement geometry is schematically

shown in Figure 7.6. A grazing incident angle, α, is applied and the diffuse scattering from the

sample surface is collected with a 2D detector. In this thesis, GIWAXS was carried out by

means of a solid anode X-ray tube (Siemens Kristalloflex X-ray source, copper anode X-ray

tube operated at 35 kV and 40 mA), Osmic confocal MaxFlux optics, X-ray beam with

pinhole collimation and a MAR345 image plate detector. The GIWAXS measurements were

performed by Dr. Tomasz Marszalek and Michał Borkowski.

Figure 7.6. GIWAXS measurement geometry.[5]
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Transmission electron microscopy (TEM) is a microscopy technique in which a beam

of electrons is transmitted through a sample to form an image. The thickness for the TEM

sample is ultrathin (less than 100 nm). During measurement, the sample is suspended on a

grid and an image is formed from the interaction of the electrons with the sample as the beam

is transmitted through the specimen.

In TEM measurement, the molecular organization can be obtained by selected area

electron diffraction (SAED). The relation between wavelength and diffraction is governed by

Bragg’s Law. The TEM measurements presented in Chapter 3 were performed by a FEI

Tecnai F20 TEM at 200 kV under liquid nitrogen cryoconditions, and SAED was recorded by

using a Philips CM 12 electron microscope (Figure 7.7).

Figure 7.7. TEM of FEI Tecnai F20.

7.3.7 Charge carrier transport

Device fabrication

The heavily doped n-type silicon wafers were used as common gate electrode and the

300 nm thick SiO2 layer (capacitance of 11 nF cm-2) was adopted as the gate dielectric layer.

Source and drain electrodes were deposited at a thickness of 50 nm by gold (Al) evaporation.

The active OSC layer was fabrication by solution processing as discussed in Chapter 7.2.

OFETs characterization

A Keithley 4200-SCS was used for all standard electrical measurements in a glove-

box under nitrogen atmosphere (Figure 7.8a). The source, drain and gate electrodes were
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connected to three probes for all electrical measurements (Figure 7.8b). The mobility, on/off

ratio and threshold voltage were obtained from the typical transfer and output curves as

discussed in Chapter 1.1.3. In Chapter 3, the capacitance is influenced by the bottom PMMA

layer, which is around 10–11 nF cm−2 owing to the thin thickness (less than 40 nm) of the

bottom PMMA layer for dip‐coated OSC:PMMA films. To simplify the comparison of the

charge carrier transport, the mobilities of all devices were calculated based on the capacitance

of 11 nF cm-2. Though the simplification of mobility calculation leads to a slightly

underestimation, there is no influence on the key conclusions.

Figure 7.8. (a) Keithley 4200 system for OFETs measurement. (b) Probe station for contacting
the devices inside the glove box.

7.4 Simulations

7.4.1 Fluid flow simulation of dip-coating of OSC:polymer blend

Steady-state simulations were conducted by using the COMSOL Multiphysics

package. The flow and concentration distributions were captured by using the Creeping Flow

and Transport of Dilute Species models. The model dimensions were determined based on the

experimentally obtained shape of the meniscus during dip-coating (Figure 7.9).
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Figure 7.9. (a) Schematic of the simulation setup (note only the blue region is simulated), (b)
viscosity simulation for defined DH4T/CHCl3 and defined DH4T:PMMA(2480 kDa)/CHCl3

solution.

The meniscus model was determined based on the experimentally obtained shape of

the meniscus in dip-coating. The solvent evaporation rate was set as 1 µm/s. The dip-coating

speed (i.e., the substrate moving speed) is 20 µm/s. The concentration of defined

DH4T/CHCl3 solution is c = 3 mg/mL, η0=0.61 cP. The concentration of defined

DH4T:PMMA(2480 kDa)/CHCl3 solution is also 3 mg/mL, in which the concentration of

PMMA(2480 kDa) (cPMMA) is 0.3 mg/mL that contributes to the viscosity, ηbulk=0.68 cP. The

meniscus shape is fitting by an ellipse profile, � �
t
�� � � ��a

�
�� � � , in which a=2.44 mm,

b=2.75 mm, r=2.75 mm, d=2.15 mm, H = 20 mm, α = 50 μm.

The boundary conditions are as follows: B1 — moving wall, B2 — fully developed

flow with constant solute concentration, B3 — symmetric boundary, B4 — evaporation

boundary (ellipse gemeotry), and B5 — truncated boundary (to avoid the singularity problem

in generating meshes). The concentration dependence of the solution’s dynamic viscosity was

explicitly accounted by using the experimentally measured and fitted viscosity data.[6]

The dynamic viscosity of a dilute PMMA/CHCl3 solution was measured by an

Ostwald capillary viscometer, fitted according to the Huggins equation, and estimated on the

basis of COMSOL Multiphysics calculations.
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7.4.2 Fluid flow simulation of angle dependent dip-coating

Figure 7.10. (a) Schematic illustration of a simulation domain. The domains are constructed
as explained in the text. To simply the expressions of the boundary conditions, (b) the
simulation domain was rotated clockwise by the tilt angle (α) to obtain (c) the simplified
simulation domain. The rotation axis is normal to the page and passes through point O.

The governing equations are the steady state, two-dimensional continuity equation,

momentum transport equation, and mass transport equation. Because of the small Reynolds

numbers (Re < 1), the flow involved during dip-coating can be considered as Stokes flow (or

creeping flow). For Stokes flow (or creeping flow), gravity has a negligible effect on the

momentum and mass transport. As a result, the simulation domains can be rotated around

point O clockwise by the tilt angle (α) so that the domain becomes vertically oriented (see

Figure 7.10). This rotation significantly simplifies the expressions of the boundary conditions.

After determining the governing equations, we derived the boundary conditions that

are appropriate for the dip-coating simulations. There are five boundaries: (1) B1: segment TP;

(2) B2: segment PQ; (3) B3: segment QR; (4) B4: segment RO + elliptic arc OS; (5) B5:

segment TS (truncated boundary to avoid the singularity problem in generating meshes). The

corresponding physics models in COMSOL are the transport of dilute species model and the

creeping flow model. For all the six simulations (i.e., α = 0 , 15 , 30 , 45 , 60 , 75), we

adopt the following parameters: dip-coating speed at 20 μm/s, solute concentration of bulk

solution, cbulk = 0.003 g/mL. The calculated concentration distribution and streamline are

shown in Figures 7.11 and 7.12.
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Figure 7.11. Concentration distributions and calculated streamline based on constant Ebulk for
different α in (a) the entire simulated regime and (b) meniscus regime. The positions of

stagnation point (xsp) for different α are shown in the meniscus regime.

Figure 7.12. Concentration distribution and calculated streamline based on varied Ebulk for
different α in (a) the entire simulated regime and (b) meniscus regime. The positions of

stagnation point (xsp) for different α are shown in the meniscus regime.

7.4.3 Numerical model of crystal growth

A phase field method in combination with a description for spatially anisotropic

solvent evaporation was employed to numerically model the spherulitic crystal growth. The

numerical model is an extension of models that used to describe liquid-liquid de-mixing in

evaporating thin films in previous work of Dr. J. J. Michels[7-9].

7.5 Materials

In Chapter 2, pyrene-DPP analogues (SM1-3) are provided by Prof. Pierre M.

Beaujuge and his group at the Physical Sciences and Engineering Division of King Abdullah

University of Science and Technology in Saudi Arabia.
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In Chapter 3, DH4T was purchased from Syncom and used without further purification.

PMMA (2 kDa, 100 kDa and 2480 kDa) was purchased from Sigma-Aldrich.

In Chapter 4, C8-BTBT were purchased from Sigma-Aldrich and used without further

purification.

In Chapter 5, DPP(Th2Bn)2 is provided by Prof. Pierre M. Beaujuge and his group at the

Physical Sciences and Engineering Division of King Abdullah University of Science and

Technology in Saudi Arabia.
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