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In organic field-effect transistors (OFETs), the characteristics of the interface between the organic
semiconductor and the gate dielectric are crucial determinants of device performance. We review recent

progress in the control of mesoscale/nanoscale ordering of organic semiconductors at the gate
dielectric. Issues concerning growth of the organic semiconductor on the surface-controlled gate
dielectric, in-plane alignment of organic semiconductors, and self-assembled monolayers for organic
semiconductors/dielectric are explored. We also discuss the effects of the molecular ordering and film

morphologies of organic semiconductors on the electrical properties of OFETs.

1. Introduction

Organic field-effect transistors (OFETs) have received consider-
able attention because of their use in flexible, large area active
display backplanes.’'* OFETs have a layered structure consist-
ing of a gate electrode, gate dielectric, semiconducting layer, and
source/drain electrodes (Fig. 1). Although all of the components
and interfaces are important for correct functioning of OFETs,
two types of interface govern the device performance of OFETs:
the electrode/semiconductor interface for charge injection and
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the semiconductor/dielectric interface for charge transport. In
bottom-gate OFETs as shown in Fig. 1, control of the semi-
conductor/dielectric interface can efficiently increase the field-
effect mobility of OFETs because the surface characteristics of
the dielectric can determine the growth of the semiconductor in
the first few monolayers of the semiconductor near the semi-
conductor/dielectric interface.'>'

In order to control the dielectric surface properties for favor-
able mesoscale/nanoscale ordering of organic semiconductors,
a common practice has been to insert an interfacial buffer layer
such as a self-assembled monolayer (SAM) or a thin polymeric
layer between the gate dielectric and the semiconductor because
of the easy fabrication of such layers with nano-scale thickness.
Furthermore, the presence of a buffer layer can reduce charge
trapping states at the interface by covering silanol groups and
ionic impurities of Si0,.'*'” The molecular ordering and film
morphologies of organic semiconductors which are strongly
affected by the m—7 orbital overlap in conjugated molecules
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Fig. 1 Schematic representation of the bottom-gate/top-contact OFET
structure.

determine the charge transport in the hopping process. For
efficient charge transport from the source electrode to the drain
electrodes, one-dimensional (1-D) anisotropic in-plane align-
ment of the semiconducting molecules is also desirable. Because
a 1-D aligned film has a preferential anisotropic orientation of
molecules, the 1-D structure exhibits higher field-effect mobility
along the growth direction in device applications.

In this review, we discuss recent achievements in the control of
the molecular ordering and film morphology of organic
semiconductors near semiconductor/dielectric interfaces for
high-performance OFETs. In Section 2, the growth of vacuum-
deposited organic semiconductors is discussed, devoting partic-
ular attention to the use of surface treatment to induce desirable
molecular orientations. In Section 3, we examine solution-
processed organic semiconductors on a SAM-functionalized gate
dielectric surface and one-dimensionally aligned solution-
processed organic semiconductors. Furthermore, we discuss the
use of SAMs as organic semiconductors and gate dielectrics. In
Section 4, the future research perspective in OFETs is discussed.

2. Vacuum-processed organic semiconductors

Thin-film formation using the vacuum-deposition technique is
a complicated process because many factors, including the
deposition rate, substrate temperature, and substrate surface
properties, affect the nucleation and growth of molecules.® The
common growth modes can be categorized into three types:
layer-by-layer, layer plus island, and island modes.” These
growth modes are mainly determined by the interplay between
molecule-molecule and molecule-substrate interactions.>®*!
Therefore, the substrate conditions such as roughness and
chemical functionality critically affect the growth of the thin film,
thereby governing the film morphology and molecular orienta-
tion of the organic semiconductor during vacuum deposition.
Many research groups have reported the effects of substrate
characteristics on the growth of pentacene, one of the most
representative  vacuum-deposited organic semiconductors
(Fig. 2(a)). It is well known that pentacene molecules lie flat on
highly interacting substrates such as clean Si and metal,>?
whereas they stand up on noninteracting substrates such as SiO,
and SAM-treated SiO,.>***> When pentacene molecules stand
perpendicular to the substrate, charge carriers can be effectively
transported along the parallel direction through the herringbone
in-plane stacking. Although SAM-treated SiO, substrates
usually induces this perpendicular orientation of pentacene
molecules, a slight variation of the interaction between the
pentacene and the SAM can change the grain morphology and
microstructure of the pentacene molecules, resulting in dramatic
differences in OFET performance.

CN
PDI8-CN,

<
TIPS-Pentacene

Fig. 2 Chemical structures of organic semiconductors discussed in this
review. (a) Vacuum-processed organic semiconductors: pentacene and
3,4,9,10-perylenetetracarboxylic bis-benzimidazole (PTCBI). (b) Semi-
crystalline polymeric semiconductors: poly(n-alkylthiophene) (P3AT),
poly(n-alkylquarterthiophene) (PQT) and poly(2,5-bis(3-alkylthiophene-
2-yl)thieno[3,2-b]thiophene) (PBTTT). (c) Amorphous polymeric
semiconductors: poly(9,9-alkylfluorene-co-bithiophene) (FAT2) and
polyarylamine (PTAA). (d) Solution-processed small-molecule semi-
conductors: bis-triisopropylsilylethynyl pentacene (TIPS-pentacene) and
N,N’-bis(n-octyl)-(1,7&1,6)-dicyanoperylene-3,4:9,10-bis(dicarboximide)
(PDIS-CN,).

2.1. SAM-functionalized gate dielectric surface

SAMs are ordered molecular assemblies formed by the adsorp-
tion of active surfactants on a solid surface.?® The order in these
two-dimensional systems is produced by a spontaneous chemical
reaction at the interface. This simple fabrication process makes
SAMs easy to manufacture and thus technologically attractive
for surface and interface engineering.?” In OFET fabrication, to
control the orientation and morphology of the organic semi-
conductor near the dielectric/semiconductor interface, many
research groups have utilized SAM-treated metal oxides such as
SiO, and Al,O; as gate dielectrics.?® SAM treatment of the metal
oxide dielectric surface dramatically improves the performance
of OFETs based on both solution- and vacuum-deposited
organic semiconductors. The increased field-effect mobility
afforded by SAM treatment has two origins: (1) improved
molecular orientation and morphology of the first few semi-
conductor monolayers on the gate dielectrics, and (2) reduced
density of the charge trapping state at the semiconductor—
dielectric interface. Various types of SAMs, such as alkyl/aryl
phosphonic acids, carboxylic acids, and organosilanes, can be
applied to modify the metal oxide substrate in OFET fabrication.

2.1.1. Alkylaryl phosphonic and carboxylic acid-based
SAMs. Alkyl/aryl phosphonic acid SAMs have been widely used
to treat the metal oxide layer in OFETSs due to their good stability
to moisture and relative insensitivity to the density of hydroxyl
groups on the metal oxide surface, as well as to the reduced
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tendency of phosphonic acids to wundergo homo-
condensation.*-*® Kelly and coworkers treated aluminium oxide
with various alkyl/aryl phosphonic acid monolayers for high-
performance OFETs, as shown in Fig. 3(a).3! The field-effect
mobility was 3.3 cm? V! s7! for the pentacene devices based on
1-phosphonohexadecane, which is a significant improvement
compared with those based on untreated aluminium oxide. This
mobility is close to that of single-crystal pentacene due to the
formation of several molecular layers of near single-crystal-
quality pentacene. The authors claimed that the chain length of
the SAM molecules is a major factor in optimizing the perfor-
mance of rough aluminium oxide surfaces. Jen and coworkers
used aluminium oxide treated with anthrylalkylphosphonic acid
SAMs as a gate dielectric.’®* They found that the introduction of
this SAM improved the device performance in terms of the gate
leakage current (ca. two orders of magnitude), on/off current
ratio (one order of magnitude), and subthreshold slope down to
85 mV/decade; they attributed this improvement to a more
favorable interface with the pentacene organic semiconductor
arising from the similar chemical structures of anthracene and
pentacene. Hill and coworkers inserted a phosphonate-linked
anthracene SAM between silicon dioxide and pentacene
(Fig. 3(b)).** Dramatic improvements in the subthreshold slope
and threshold voltage were obtained compared with the devices
without SAM treatment, the improvement being the result of
a reduction in charge trapping states at the interface. The authors
also reported the effect of alkyl chain length of n-alkyl phos-
phonic acid on pentacene growth and OFET performance, where
the optimum performance was found to occur with a chain
length of 8-10 carbon atoms.**

Alkyl carboxylic acids adsorb on metal oxides via an acid-base
reaction. The driving force for alkyl carboxylic acid-based SAMs
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Fig. 3 (a) Molecular structures of phosphonic acid SAMs used for the
surface treatment of the metal oxide surface. (Reproduced with permis-
sion from ref. 31, American Chemical Society.) (b) Transfer character-
istics of OFETs with and without phosphonate-linked anthracene SAM.
Inset shows the molecular structure of SAMs used in this study.
(Reproduced with permission from ref. 33, American Institute of
Physics.) (c) AFM images (4 pm x 4 um) of pentacene films on bare (left)
and SAM-modified (right) alumina with different coverage of 0.5 and 30
nm, and the schematic view of the pentacene structure grown on each
surface. (Reproduced with permission from ref. 35 and 36, Elsevier.)

is the formation of a surface salt between the carboxylate anion
and a surface metal cation. Because of their highly ordered and
closely packed structure, similar to thiols on Au, alkyl carboxylic
acid-based SAMs have been used on a wide range of metal oxide
surfaces. In a study of pentacene film on aluminium oxide,
Horowitz and coworkers found that the pentacene film structure
could be drastically changed by modifying the surface with an
eicosanoic acid SAM.?**¢ On bare Al,O3, the growth was initially
two dimensional but changed to three dimensional with the
formation of larger, though loosely connected grains. On the
eicosanoic acid-treated SAM substrate, by contrast, the growth
was three dimensional at all times (Fig. 3(c)).*® In the SAM-
treated device, the film is comprised of 3-D grains that present
a better homogeneity in depth and a lower defect density, which
results in a high field-effect mobility and stability. The gate
voltage dependence of the field-effect mobility in these devices
was investigated using both SAM-treated and untreated surfaces.

2.1.2. Organosilane-based SAMs. Organosilanes such as
alkylchlorosilanes, alkylalkoxysilanes, and alkylaminosilanes are
the most widely used materials as effective surface modifiers
because of the uniform and reproducible surface properties they
provide. For the surface reaction of organosilanes, hydroxylated
substrates are required. For SiO, surfaces, the driving force for
self assembly is the in situ formation of polysiloxane, which is
connected to surface silanol groups (-SiOH) via Si—O-Si bonds.
In 1997, Jackson and coworkers reported a dramatic improve-
ment in OFET performance using octadecyltrichlorosilane
(ODTS)-treated SiO; as a gate dielectric.’” The devices exhibited
field-effect mobilities as high as 1.5 cm? V~' s7!, on/off current
ratios greater than 10, and near zero threshold voltages. Iwasa
and coworkers reported that fluorinated SAMs on an SiO,
gate dielectric can accumulate holes near the gate dielectric/
semiconductor interface, resulting in a positive threshold voltage
shift and increased field-effect mobility in pentacene transistors.*®

Bao and coworkers investigated the pentacene crystalline
structure deposited on an ODTS- or hexamethyldisilazane
(HMDS)-treated SiO, substrate using conducting atomic force
microscopy (C-AFM) and grazing-incidence X-ray diffraction
(GIXD).* The faceted islands on HMDS showed a larger
current flow than the dendritic islands on ODTS when C-AFM is
applied on both surfaces. These single-crystal-like pentacene
islands have fewer internal crystal defects and higher current flow
than the dendritic islands (Fig. 4(a)). The morphology of ultra-
thin layers correlates well with the field-effect mobility measured
in OFETs. Li and coworkers treated an SiO, dielectric surface
with phenyl-terminated silane molecules (PhTMS) to enhance
the OFET performance. The treatment induced a change in the
polymorphs’ transformation from the triclinic bulk phase to the
thin film phase and orthorhombic phase, which was strongly
correlated with the OFET performance (Fig. 4(b)).*° Park and
coworkers systematically investigated the growth of pentacene
crystals on monolayers of naphthol derivatives.*!

Introduction of a SAM on the gate dielectric surface has also
been found to enhance the crystal orientation and device
performance of OFETs based on n-type semiconductors.
Jabbour, DeLongchamp and coworkers reported that the unit
cell orientation of n-type 3,4,9,10-perylenetetracarboxylic bis-
benzimidazole (PTCBI) as shown in Fig. 2(a) changes with
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Fig. 4 (a) AFM images for submonolayer and ~1.5 ML films on
HMDS- and ODTS-treated SiO,/Si substrate, left and right, respectively.
(Reproduced with permission from ref. 39, American Chemical Society.)
(b) Schematic view of the interface between pentacene and ODTS- and
PhTMS-treated SiO, gate insulator (left); diffraction peak intensities of
thin film (/,;, iim) and bulk phase (I,y) and ratio of diffraction peak
intensities (inin fim/loui) Of pentacene films on each surface. (right).
(Reproduced with permission from ref. 40, Elsevier.) (c) PTCBI films
with (011) and (001) orientations (left). 2-D GIXD images of 100 nm
thick PTCBI films deposited on bare SiO, and ordered ODTS-treated
Si0, surfaces (right). (Reproduced with permission from ref. 42, Wiley.)

dielectric surface treatment.** PTCBI films deposited on an oxide
surface have an orientation of (011), while films on top of an
ODTS-treated oxide surface have a preferred orientation of
(001), as shown in Fig. 4(c). This preferred orientation enhances
the lateral m-orbital overlap parallel to the source-drain plane,
leading to high electron mobility values of 0.05 cm? V' s7!,
Tokito and coworkers modified an SiO, surface with n-alkyltri-
chlorosilanes with various alkyl chain lengths (C4—C;s) for high
performance n-type OFETs based on thiazolothiazole deriva-
tives.** The highest electron mobility of 1.2 cm? V' s7! was
achieved in devices with alkyl chains containing more than 14

carbons because of the suppression of the influence of electron
trap sites on the SiO, gate insulator.

Dielectric surface functionalization using a hydrophobic CH3-
terminated SAM is well known to improve remarkably the
crystalline nano- and microstructure, as well as the molecular
orientation of the semiconductor. Typical ODTS and HMDS
SAMs have been generally used to treat the metal oxide surface
treatment in order to enhance device performance. However, for
CH;-terminated alkylsilane-treated SiO, surfaces, a wide range
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Fig. 5 (a)2-D GIXD patterns and AFM images of nominal 2 ML-thick
pentacene films deposited on the SiO, substrate treated with SAMs with
different alkyl chain lengths of C8 (left) and C18 (right). (Reproduced
with permission from ref. 44, Wiley.) (b) 2-D GIXD patterns of the 10 nm
thick pentacene films and schematic diagrams of the pentacene structures
deposited on the ordered and disordered ODTS monolayers. (Repro-
duced with permission from ref. 45, American Chemical Society.) (c)
Nominally 3 nm thick pentacene films deposited onto ODTS with

different densities (left: loose ODTS, right; dense ODTS). (Reproduced
with permission from ref. 46, Wiley.)
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of field-effect mobilities have been reported by many research
groups, even though such surfaces have almost identical surface
energies.?*3%4446 The research groups of Cho and Bao system-
atically studied these issues. Cho and coworkers demonstrated
the variation in pentacene OFET performance depending on the
alkyl chain length in the alkyl silane-treated SiO, substrate
(Fig. 5(a)).** The pentacene films on organosilane SAMs with
short alkyl chains showed laterally well-ordered crystal struc-
tures and large grains because of the higher diffusion mobility of
pentacene molecules on the SAM-treated dielectric surface
during the deposition, which causes the field-effect mobility
to vary by more than a factor of 3 (up to values as high as
0.6 cm* V! s7! for octyltrichlorosilane). Similarly, they investi-
gated the effects of the phase state (order and disordered) of
SAMs on the growth mode of pentacene films and OFET
performance, as shown in Fig. 5(b).** Pentacene films grown on
relatively highly ordered SAMs were found to have a higher
crystallinity and a higher degree of interconnectivity between
the pentacene domains, which directly serves to enhance the
field-effect mobility, compared to films grown on disordered
SAMs. The authors also observed the effect of substrate
temperature on pentacene growth. Bao and coworkers deposited
pentacene and Cgo on ODTS monolayers with different 2-D
phases prepared by Langmuir-Blodgett (LB) techniques.*® They
showed that an increase in the density of the methyl-terminated
surface modification layer results primarily in two-dimensional
growth of subsequently vacuum-deposited organic semi-
conductors (Fig. 5(c)). These changes in nucleation and growth
give rise to a substantial improvement in the charge transport
characteristics.

Cho and coworkers systematically studied the microstructural
properties of a pentacene adlayer deposited on an ODTS SAM
monolayer with varying the SAM grain size. Pentacene films
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deposited on an ODTS monolayer with a large SAM grain size
exhibit better microstructural order of the pentacene molecules
than do films deposited on a SAM with a small grain size because
of the larger pentacene domain size and less heterogeneous
crystalline structures in the former pentacene films.*’

2.2. Polymeric layer-based gate dielectric surface

An attractive alternative approach to modifying metal oxide
dielectric surfaces is to deposit a secondary polymeric layer. A
key advantage of this approach is that spin-coated polymeric
layer deposition is not limited by SAM-inorganic layer coupling,
which determines the surface epitaxy and coverage of SAMs.
Polymeric buffer layers have been generally inserted between the
organic semiconductor and gate dielectrics to reduce the effect of
surface roughness.*® However, by varying the polymeric surface
properties, such as the chemical functionality and hydropho-
bicity, the molecular orientation and morphology of the organic
semiconductor film can be tuned over a wide range.

Yang and coworkers elucidated the crystalline morphologies
and structures of thin pentacene films deposited on ultra-thin
polymeric layer/SiO, bilayer gate dielectrics in which the surface
hydrophobicity was controlled.* Polystyrene (PS), poly(4-
vinylpyridine) (PVP), and poly(4-hydroxylstyrene) (PHS) were
spin-coated onto the surface of an SiO, gate dielectric with
a thickness of ~13 nm. Upon increasing the dielectric surface
energy, the growth mode of pentacene crystals on these
substrates changes from layer-by-layer to 3-D islands because of
the different pentacene-substrate interactions. Chou and
coworkers modified the SiO, surface with a photosensitive
polyimide to match the surface free energy of the dielectric and
that of the orthorhombic thin-film phase of the pentacene film.%°
The field-effect mobility of transistors was enhanced, reaching
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Fig. 6 (a) Schematic diagram of the structure of a top-contact OFET device with a TiO,/PS bilayer dielectric (left) and AFM images of TiO, single
dielectric (middle) and TiO,/PS bilayer dielectric (right) and pentacene films deposited on each dielectric surface. (Reproduced with permission from ref.
51, American Institute of Physics.) (b) XRD data for 50 nm thick pentacene films (left) and carrier field-effect mobility (right) for pentacene OFETs
fabricated at different deposition temperatures on various polymer/SiO, bilayer dielectrics. (Reproduced with permission from ref. 52, Science.)
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values in excess of 2.0 cm? V! s~! due to the more complete first
monolayer of pentacene on the gate dielectric surface. Cho and
coworkers spin-coated PS onto layer-by-layer-deposited TiO,.>!
The nonpolar PS top layer reduces the roughness of the dielec-
tric, which results in low gate-leakage of the dielectric and a more
ordered growth of the pentacene film, as shown in Fig. 6(a).
Marks and coworkers reported a general approach to probe the
effects of OFET semiconductor—dielectric interface chemistry on
transistor performance using tailored polymer/SiO, bilayer
dielectrics.’* A nonpolar PS coating on SiO, with minimal gate
leakage and surface roughness significantly enhances the field-
effect mobilities of n-type and p-type transistors.

The influence of surface thermal behavior on overlying organic
semiconductor film growth, film microstructure, and device
performance should be addressed when choosing a polymeric
layer. Marks and coworkers examined the effect of the visco-
elastic properties of polymer gate-dielectric on the OFET
performance.® They found that field-effect mobility drastically
decreased at well-defined growth temperatures. The transition in
carrier mobility was strongly correlated with dramatic micro-
structural and morphological changes of the semiconductor film
at the surface glass transition temperature of the gate dielectric
layer (Fig. 6(b)). They found that OFET performance measure-
ments as a function of the semiconductor deposition temperature
can be an informative probe for the polymer film viscoelastic
properties. On the other hands, Hu and coworkers found that
copper phthalocyanine (CuPc) molecules assemble under
vacuum and on a solid surface through the combined effects of
polymer chains reptation and the 7 interactions of CuPc.*
Polycaprolactone (PCL) and poly(ethylene oxide) (PEO) were
inserted between the CuPc semiconductor and the SiO, gate
dielectric. At higher deposition temperatures, the intensified
motion of the polymer chains causes the CuPc molecules to move
and reorganize more easily. Films assembled by this method
exhibited high electronic performance.

2.3. 1-D alignment of the gate dielectric surface

Charge carrier transport efficiency from source to drain electrodes
is strongly dependent on the molecular chain ordering and crys-
talline orientation along parallel directions. 1-D alignment of the
gate dielectric surface by mechanical rubbing or photoalignment
was proposed for the orientation of organic semiconductors.>*
Malliaras and coworkers demonstrated that a rubbed poly(vinyl
alcohol) (PVA) layer induces preferential orientation of penta-
cene grains along the rubbing direction, leading to enhanced
pentacene mobility.*s Tao and coworkers used a prerubbed SAM
of n-alkyltrichlorosilane for the 1-D alignment of pentacene
molecules along the source-drain channel direction.>® Recently,
Kim and coworkers systematically studied the orientation effect
of pentacene films deposited on a rubbed polyimide layer under
various conditions, such as the cumulative rubbing number and
substrate temperature.®’

3. Solution-processed organic semiconductors

Solution processing is a desirable film formation method for
low-cost, large-area electronic devices. In particular, solution-
processable polymeric semiconductors have received considerable

Fig.7 AFM image of a P3HT thin film. Inset shows molecular packing
structure of P3HT.

attention because of their good solubility in common organic
solvents, high field-effect electronic properties, and good film-
forming properties.®* Although some amorphous semi-
conductors with high field-effect mobilities have been reported in
p-type and n-type organic semiconductors,®** most polymeric
semiconductors that show high field-effect mobilities are semi-
crystalline. Such semicrystalline polymeric semiconductors
consist of conjugated backbones for effective 7—7 interactions
between neighboring molecules and alkyl side chains for solubi-
lizing these molecules (Fig. 2(b)). Considering two-dimensional
charge transport parallel to the substrate in OFETs, lamellar
stacking with edge-on alkyl side chain orientation, as shown in
Fig. 7, is highly recommended.** Furthermore, interchain trans-
port along the m— stacking direction and intrachain transport
along the main chain direction can facilitate efficient charge
transport. On the other hand, disordered regions in a thin film can
act as charge trapping sites, which significantly reduce the field-
effect mobility. Thus, the formation of highly crystalline films
with the above-mentioned molecular structure is a direct way to
improve the field-effect mobility of OFETs based on polymeric
semiconductors.

3.1. Surface-induced molecular ordering of polymeric
semiconductors

Because dielectric surface characteristics determine the molecular
ordering of semiconducting polymers during the solution-depo-
sition or annealing process, fine tuning of the dielectric surface
properties is required for high performance OFETs. As
mentioned in Section 2, a SAM-treated metal oxide substrate
directly serves as an ideal system for examining the effects of
surface characteristics on the molecular orientation of polymeric
semiconductors. Although SAM treatment of a metal oxide
essentially induces molecular orientation along the surface
normal direction, two-dimensional sheet-like lamellar stacking
along the in-plane direction can be effectively facilitated through
edge-on alkyl side chain orientation toward the surface normal
(Fig. 7).** From this viewpoint, SAM treatment can improve the
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electrical properties of OFETs based on polymeric semi-
conductors by promoting such a molecular orientation. In this
section, we mainly focus on the molecular orientations and film
morphologies of organic semiconductors; surface dipole and
charge trapping are not explicitly discussed, notwithstanding
their importance in OFET characteristics. In solution-processed
OFETs, organosilanes have been generally used to treat gate
dielectric surfaces; hence, only surface treatment using organo-
silane-based SAMs will be considered in this section.
Sirringhaus and coworkers reported that spin-cast regiore-
gular poly(3-hexylthiophene) (P3HT) films on an HMDS-treated
silicon substrate yielded high field-effect mobilities in excess of
0.1 cm? V! 7586566 They explained their findings by the
hypothesis that HMDS treatment removes residual water and
polar groups on SiO,, leading to an increase in field-effect
mobility. Veres and coworkers found that dielectric surface
treatment significantly affects the field-effect mobility of OFETs
based on P3HT, polyarylamine (PTAA), and poly(9,9-dioctyl-
fluorene-co-bithiophene) (F8T2) (see Fig. 2(c) for chemical
structure).®’” Specifically, they found that the field-effect mobility
increased with increasing surface hydrophobicity. From the
improvement in field-effect mobility of OFETs based on amor-
phous PTAA by ODTS treatment, the authors claimed that
dielectric surface treatment may neutralize surface defects, while

inducing molecular orientation of the organic semiconductor.
Brutting and coworkers also found that treatment of an SiO,
dielectric surface with a hydrophobic ODTS SAM enhanced the
performance of a P3HT FET.®® They attributed the increase in
field-effect mobility to changes in the structural organization of
P3HT near the dielectric interface; however, they did not
perform experiments to test this hypothesis.

McGehee and coworkers demonstrated that HMDS or ODTS
treatment of an SiO, dielectric surface strongly affects the
molecular orientation of P3HT at the insulator-semiconductor
interface.®®™ To study the orientation of crystals in a direction
substantially parallel to the substrate, the mosaic distribution of
edge-on crystallites was investigated by measuring the rocking
curves at (100) for P3HT films onto substrates with different
surface characteristics (Fig. 8(a)). Note that the (100) reflection in
XRD represents edge-on molecular orientation in P3HT as
shown in Fig. 7. P3HT films on an ODTS-treated substrate had
well-oriented edge-on crystallites compared with those on an
HMDS-treated substrate. The rocking curves of P3HT films with
different film thicknesses on the ODTS-treated surface imply that
highly oriented crystals nucleated at the film—substrate interface.
Upon increasing the P3HT film thickness, the amount of
marginally oriented crystals gradually increased because well-
oriented crystals are buried at the interface near the ODTS

4% & o8
u,, [1angwon)

1: Height

Fig. 8 (a) Rocking curves performed on the (100) peaks for the P3HT films on ODTS/HMDS-treated substrate and schematic P3HT molecular
orientation. The left inset shows the rocking-curve geometry and the corresponding angles relative to the sample normal w. (Reproduced with
permission from ref. 70, Nature Publishing Group.) (b) 2-D GIXD of PBTTT films on different substrates. Top: on bare SiO, after 180 °C annealing,
bottom: on OTS/SiO, after 180 °C annealing. (Reproduced with permission from ref. 82, American Chemical Society.) (c) AFM image of PBTTT film on
bare SiO, (left) and OTS/SiO; (right) after 180 °C annealing. (Reproduced with permission from ref. 83, American Institute of Physics.)
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surface, whereas poorly oriented crystals originate from the bulk
film. Although many research groups have examined the effects
of gate dielectric surface treatment on the molecular structure of
organic semiconductors and the electrical properties of OFETs,
the mechanisms determining the different orientations of the
organic semiconductors molecules are not fully understood.

Cho and coworkers studied the effect of the interaction
between SAMs and P3HT molecules on the structural changes of
the melt-crystallized P3HT film.”*”®* Depending on the end-
functionality of the SAMs, P3HT adopts different molecular
orientations, as confirmed by XRD, near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy, and AFM. The high
field-effect mobilities of P3HT FETs based on amine-function-
alized SAMs were explained by the preferential P3HT edge-on
orientation induced by the repulsive interaction between the
thienyl backbone in P3HT molecules and the unshared electron
pairs in amine-functionalized SAMs.

In the case of poly(n-alkyl thiophene), the lamellar stacking
between molecules is increased by the interaction between the
noninterdigitated side chains as the alkyl side chain length
increases.”* However, the field-effect mobility of poly(n-alkyl
thiophene)s with a long side chain was found to be low, mainly
because of the increase in the insulating portion in the mole-
cules.”? Liquid crystalline poly(3,3’"’-didodecylquaterthio-
phene) (PQT-12) with long alkyl side chains was reported to
show a high field-effect mobility (>0.1 cm? V-' s7") because of the
well-resolved lamellar ordering with m—m stacking along the
parallel direction induced by the interdigitated alkyl side
chains.”"”"® Similar to the case of P3HT OFETs, surface treat-
ment has been found to increase the field-effect mobility of
OFETs based on PQT-12 film.” Ong and coworkers found that
octyltrichlorosilane (OTS) was optimum for achieving high field-
effect mobilities in OFETs based on PQT-12 film.” However,
a detailed structural analysis of PQT-12 films has not been
performed. In addition, the authors developed a versatile
approach to dielectric surface modification using self-crosslinked
poly(methyl silsesquioxane).®® The high concentration of methyl
groups in poly(methyl silsesquioxane) increases the molecular
ordering of PQT-12, yielding field-effect mobilities up to
0.15cm?* V-'s.

Poly(2,5-bis(3-alkylthiophene-2-yl)thieno[3,2-b]thiophene)
(PBTTT) with fused thiophene was reported to exhibit well-
ordered liquid crystalline characteristics and high field-effect
mobility in OFET applications.?! In agreement with the results
for PQT-12, OFETs based on PBTTT film on an OTS-treated
SiO; substrate showed high field-effect mobilities. Chabinyc and
coworkers studied the correlation between the thin-film structure
of PBTTT and its electrical properties in OFET devices using
2-D GIXD, as shown in Fig. 8(b).*> Thermal annealing of
PBTTT film at the mesophase increases the edge-on molecular
orientation of PBTTT molecules, regardless of whether the gate
dielectric is untreated SiO, or OTS-treated SiO,. From an AFM
analysis of the mesoscale morphology, as shown in Fig. 8(c), the
PBTTT film on an OTS-treated substrate was found to consist of
large crystallites (grain size ~ 200 nm), whereas the film on bare
SiO, was comprised of small crystallites because of the increased
nucleation density. The high surface mobility of PBTTT polymer
on the hydrophobic OTS substrate may induce favorable inter-
actions between PBTTT molecules, resulting in a large grain size

of PBTTT and a high field-effect mobility. DeLongchamp and
coworkers also studied the effect of OTS treatment on PBTTT
microstructure using NEXAFS spectroscopy.®® After thermal
annealing of the PBTTT films, the dichroic ratio of PBTTT
molecules increased on the OTS-treated SiO, substrate, whereas
the ratio remained unchanged on the bare SiO, substrate. The
low measured dichroic ratio on bare SiO, is directly correlated
with the higher portion of misorientation in the disordered
region, as confirmed by a greater number of grain boundaries in
the AFM image (Fig. 8(c)).

Tokito and coworkers studied the effect of ODTS surface
treatment time on the electrical performance of PBTTT
OFETSs.? Upon increasing the ODTS treatment time, the surface
became hydrophobic and smooth, which induced the further
edge-on orientation of PBTTT molecules. The optimal 7w
stacking along the in-plane direction induced by the increased
edge-on orientation led to an increase in the field-effect mobility.
The authors additionally changed the dielectric surface charac-
teristics by using SAMs with different functional groups.®
Fluorinated SAM-based PBTTT OFETs showed the best elec-
trical performance, which is attributed to better edge-on orien-
tation of PBTTT induced by the reduced interaction of PBTTT
with hydrophobic fluorinated SAMs.

Surface-induced molecular ordering of representative poly-
meric semiconductors (P3HT, PQT-12, and PBTTT) has been
examined, focusing in particular on dielectric surface treatment
using SAMs. Because many other molecular and processing
factors—including regioregularity,®® molecular weight,®*" side
chain length,”®7”¢ solvent power,* film-forming method,®® and
post-treatment annealing’”*>—also affect the molecular orien-
tation and film morphology of organic semiconductors, opti-
mizing the dielectric surface properties with other molecular and
processing parameters is highly desirable for further improve-
ment in field-effect electronic characteristics.

3.2. Alignment of solution-processed semiconductors

For efficient charge transport along the in-plane direction in
OFETs, one-dimensional (1-D) anisotropic in-plane alignment
of the semiconducting molecules is desirable. Many fabrication
methods including rubbing,®-*° friction-transfer techniques,*
photoalignment,” and LB deposition®® have been utilized to
align the molecules laterally. Comprehensive review articles on
the controlled deposition of organic semiconductors involving a
patterning process are available.**** Here, we focus on the struc-
tures of organic semiconductors induced by an in-plane molecular
alignment method. Alignment of polymeric semiconductors
and solution-processed small-molecule semiconductors are
discussed.

3.2.1. In-plane alignment of polymeric semiconductors. Pref-
erential backbone alignment by applying a shear force on the
polymer chain was reported by Nagamatsu and coworkers.***’
They demonstrated P3HT chain alignment by the friction
transfer technique (Fig. 9(a) left), which is well known for
fabricating thin films with strong in-plane anisotropy. The P3HT
backbone is aligned along the drawing direction, resulting in high
field-effect mobility in devices with the channel parallel to the
alignment direction. In a related approach, Damman and
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Fig. 9 (a) Schematic diagram of the friction-transfer process (left).
(Reproduced with permission from ref. 97, American Institute of
Physics.) Schematic structure of the aligned P3HT film after the friction-
transfer process or nanorubbing process (right). (Reproduced with
permission from ref. 98, American Chemical Society.) (b) AFM phase
image of a directionally crystallized P3HT thin film using TCB for
epitaxy (left). The box labeled 1 outlines a region with equiaxial crys-
tallites. The box labeled 2 outlines a region with elongated crystallites.
Temperature-dependent mobility measurements for a number of
different devices, with parallel (gray symbols) and perpendicular (black
symbols) orientations (right). The different symbols represent different
devices. (Reproduced with permission from ref. 102, Wiley.) (c) 2-D
GIXD of dip-coated higher-molecular-weight CDT-BTZ films after
annealing. The patterns were recorded parallel to the dipping direction
(white dashed lines point toward the scattering from the in-plane
m-stacking). The green arrow in the schematic drawing indicates the
dipping and alignment direction, while red corresponds to the incident
X-ray beam. (Reproduced with permission from ref. 103, Wiley.)

coworkers employed a nanorubbing method using an AFM tip
to fabricate highly oriented P3HT films.”® Their work success-
fully demonstrated that a nanoscale shear force can orient the
P3HT backbone along the rubbing direction (Fig. 9(a) right).
Anisotropically aligned polymeric semiconductors formed by
using a predeposited alignment layer have been reported by
several research groups. Sirringhaus and coworkers demon-
strated that liquid-crystalline F8T2 polymer can be aligned along
the backbone direction by placing the polymer in contact with
a mechanically rubbed polyimide alignment layer.”* OFETs
based on aligned F8T2 film showed higher field-effect mobility
with the channel parallel to the alignment direction than with the
channel perpendicular to the alignment direction. Brinkmann
and coworkers used 1,3,5-trichlorobenzene (TCB) to induce
directional crystallization of P3HT. They found that TCB can
induce epitaxial growth of P3HT where the backbone orientation
is parallel to the long axis of the TCB crystal.’*>'*! Salleo and

coworkers applied this method to OFETs and examined the
anisotropy of charge transport in directionally crystallized P3HT
thin films (Fig. 9(b)).’*> They found that charge transport along
the fiber growth direction, which corresponds to the backbone
direction, is more facilitated compared to that along the fiber
normal direction. This observation was illustrated by the exis-
tence of fiber-to-fiber grain boundaries, as shown in the AFM
image (Fig. 9(b)), which reduces electrical connectivity in the
fiber normal direction.

Although the use of a predeposited alignment layer or friction
transfer via a solid pallet produced well-oriented polymeric layers
with preferential backbone alignment, the formation of aligned
polymer semiconductor layers directly from the solution process
is highly desirable. Groves and coworkers used the LB method to
fabricate anisotropic P3HT films with high field-effect mobilities
of up to 0.02 cm? V' s7'. In their work, the alignment of the
backbone was induced at the meniscus of the liquid-air interface
during the LB deposition process.”* Mullen and coworkers
reported that cyclopentadithiophene-benzothiazole copolymer
(CDT-BTZ) can be aligned using the dip-coating method.'*®
OFETs based on CDT-BTZ film showed high field-effect
mobilities up to 1.4 cm? V! s7!', where the improvement in
mobility is directly correlated with the enhanced intrachain
charge transport arising from the alignment of the CDT-BTZ
backbone during the dip-coating process (Fig. 9(c)). DeLong-
champ and coworkers demonstrated that terraced PBTTT
ribbons can be easily fabricated using a flow coating process and
subsequent annealing at the backbone melting temperature.'®*
These ribbons exhibited a unique in-plane structure with back-
bone alignment along the flow direction, where the w— stacking
is perpendicular to the flow direction. Notwithstanding the
difference in the introduced coating methods and materials, the
polymer backbone is preferentially aligned along the direction of
the shear force.

3.2.2. Alignment of solution-processed small-molecule semi-
conductors. Solution-processed small-molecule semiconductors
have attracted much attention because of their printability and
high field-effect mobilities in OFET applications.'51% A recent
review article by Cho and coworkers focused on the morpho-
logical and structural evolution of small-molecule semi-
conductors during the solution-deposition process.!®” Here, the
main focus is the “one dimensional” alignment for efficient charge
transport from the source to the drain electrodes. Mullen and
coworkers developed a zone-casting technique to deposit
substituted hexaperibenzocoronene (HBC) (Fig. 10(a)).'”® By
changing the solution supply and velocity of the moving support,
the solution evaporation rate was controlled such that uniaxially
aligned HBC columns with intercolumnal w—m stacking were
formed. In a related approach, Sirringhaus and coworkers
produced directionally assembled pentacene by zone-casting.'®®
The pentacene film showed a packing structure close to that of
“bulk-phase” pentacene, with preferential in-plane alignment
(a-axis of the unit cell) along the zone-casting direction.

Controlling molecular assembly in a solution by inducing flow
in the solution is also a desirable approach to fabricating 1-D
aligned structures. Cavallini and coworkers fabricated the 1-D
aligned alternate block-oligomer, terthiophene-bis-fluorene, by
using microinject molding in capillaries, as shown in
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Fig. 10 (a) Chemical structure of discotic HBC derivatives and a sche-
matic of the zone-casting technique. (Reproduced with permission from
ref. 108, Wiley.) (b) Schematic representation of the deposition process,
showing the steps related to micromolding in capillaries and litho-
graphically controlled wetting. (Reproduced with permission from ref.
110, American Chemical Society.) (c) Schematic representation of the
inkjet printing process with evaporation-induced flow in a droplet (left).
Polarized optical microscopy image of ink-jet printed TIPS-pentacene
droplets with chlorobenzene/dodecane (80/20) mixed solvent (right).
(Reproduced with permission from ref. 114, Wiley.)

Fig. 10(b).""*'"" The fabricated nanostrips in capillaries were
aligned with an intermolecular distance of approximately 4 A,
which led to a high field-effect mobility along the nanostrip
direction. Cho and coworkers demonstrated that drop-casting
bis-triisopropylsilylethynyl pentacene (TIPS-pentacene) solution
onto a inclined substrate is a direct way to fabricated 1-D
microcrystal arrays (see Fig. 2(d) for chemical structure).!’
Uniaxially aligned TIPS-pentacene crystal arrays showed a high
field-effect mobility of 0.3 cm? V-! s7! in OFET applications,
which directly correlated with the preferential orientation of
TIPS-pentacene crystals along the a-axis. Salleo and coworkers
used this method for fabricating the aligned N,N’-bis(n-octyl)-
(1,7&1,6)-dicyanoperylene-3,4:9,10-bis(dicarboximide)  (PDIS8-
CN,) film with strong charge transport anisotropy.'’* They
found that 1-D growth of the PDIS-CNj crystals was attributed
to the drying behavior at the inclined substrate. Cho and
coworkers also studied the evaporation behavior of ink-jet
printed TIPS-pentacene droplets (Fig. 10(c)).'** Self-aligned
crystals from the edge to the center of the droplet were fabricated
using a mixed solvent through control of the evaporation-
induced flow in a droplet. Furthermore, the effect of surface
energy on the morphological and structural development in ink-
jet printed TIPS-pentacene droplets was investigated.'’> By
visualizing the drying droplet, the authors confirmed that the

formation of self-aligned crystals on a hydrophilic surface is due
to contact line pinning and outward convective flow in the drying
droplet.

3.3. Self-assembled monolayers as organic semiconductors and
gate dielectrics

Self assembly is an emerging technology for bottom-up fabrica-
tion of nanostructures. A 7m-conjugated molecule can be depos-
ited as a monolayer by means of self assembly. Using the LB
method, OFETs based on a monolayer semiconductor have been
fabricated and shown to exhibit excellent performance.®*'¢
However, the prepared semiconducting monolayers were easily
delaminated because there were no binding sites between the gate
dielectric and LB-deposited semiconductor.

Recently, m-conjugated molecules capable of binding to the
gate dielectric surface were reported by some research groups,
and used as the basis for self-assembled monolayer field-effect
transistors (SAMFETs). Because in-plane 7—t stacking is rather
limited by the bonding to the substrate, a new class of molecules
with adequate binding to the substrate as well as - in-plane
stacking should be developed to achieve high performance
SAMFETs. Nuckolls and coworkers studied SAMFETs based
on a tetracene molecule with a terminal catechol that chelates
strongly with metal oxides, thereby forming a uniform mono-
layer, as shown in Fig. 11(a)."’” Although the molecular packing
structure was not fully examined, gate-field modulation was
observed at low source—drain voltage. In an extension of this
work, they used a hexabenzocoronene with a carbonyl moiety
that could bind to the SiO, substrate.!'® The chemoresponsive
performance of field-effect transistors in which a monolayer was
used as the active layer between nanogap electrodes was also
examined. Horowitz and coworkers fabricated SAMFETS using
bifunctional molecules with a short alkyl chain linked to the
oligothiophene moiety.'*® A well-organized monolayer with an
RMS roughness of 0.2 nm was formed on the Al,O5 substrate
after dipping in the solution for tens of minutes. Field-effect
mobilities of approximately 10~ cm? V' s~! at a channel length
below submicron size were obtained. De Leeuw and coworkers
developed SAMFETSs with strong 7—7 intermolecular coupling
(Fig. 11(b)) using a molecule that consists of a-substituted
quinquethiophene as the semiconducting part and undecane as
the spacer for promoting anisotropic ordering.'?*!*' Herring-
bone-type in-plane stacking was suggested from the Bragg rod
diffraction patterns of these SAMs. Field-effect mobilities above
0.01 cm? V-' s~! were obtained with high reproducibility.

In a parallel approach, SAMs with a thickness of approxi-
mately 2-3 nm have been shown to be viable alternatives to
common thick dielectrics such as SiO, and Al,O3. Vuillaume and
coworkers used COOH-terminated SAMs as a dielectric in
oligothiophene OFETs.'?* Halik, Klauk and coworkers demon-
strated that pentacene FETSs can be fabricated using 18-phenoxyl-
octadecyltrichlorosilane as the SAM dielectric (Fig. 11(c)).'** In
an extended work, they used two types of SAMs, n-octadecyl-
phosphonic acid or n-octadecyltrichlorosilane, as the gate
dielectric.’** Organic complementary circuit was fabricated
using more densely packed phosphonic acid SAMs with lower
gate leakage current. Cho and coworkers also demonstrated
P3HT-based OFETs with docosyltrichlorosilane SAM as gate
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Fig. 11 (a) Schematic bonding and orientation of end-functionalized tetracene (left). Schematic of a self-assembled monolayer transistor (right).
(Reproduced with permission from ref. 117, American Chemical Society.) (b) X-Ray reflectivity of a SAM on silicon dioxide. The inset shows the
chemical structure of the molecule and the thickness, RMS roughness values and electron densities obtained from the fit (left). Output characteristics for
the corresponding SAMFET (right). (Reproduced with permission from ref. 120, Nature Publishing Group.) (c) Chemical structure of 18-phenoxy-
octadecyltrichlorosilane and pentacene (left). Cross section of a pentacene FET with a molecular SAM dielectric (right). (Reproduced with permission

from ref. 123, Nature Publishing Group.)

dielectric.'” SAM-based FETs open a new approach to the
bottom-up fabrication of organic transistors because of their
simple fabrication process and molecular-scale thickness.

4. Future research perspective

Surface treatment of inorganic gate-dielectrics such as SiO, and
Al,Oj3 has been intensively studied for high performance OFETs.
However, for the realization of low-cost/flexible OFETsS, the
control of the molecular orientation and film morphologies of
organic semiconductors on polymeric gate-dielectrics will be
technically important issues. In addition, the structural organi-
zation of organic semiconductors during the formation of the
film using high throughput printing-based deposition techniques
such as inkjet printing and gravure printing is an interesting area
for the low-cost, large-area fabrication of OFETs. Furthermore,
the OFET performance based on n-type organic semiconductors
should be enhanced by applying various processing methods
used in p-type semiconductor based devices for controlling the
molecular ordering.

The control of molecular ordering of organic semiconductors
at the gate-dielectric/semiconductor interface is important not
only for enhancing field-effect mobility but also improving device
stability under bias stress.'?® Because the bias stability strongly

depends on the charge trapping sites induced by the structural
defects of the organic semiconductor films, a systematic study on
the change of the structural defects by controlling the molecular
ordering of organic semiconductors should be needed. The
correlation between the molecular ordering and device stability
will be the major concerns for the application of OFETs in
display backplanes.

5. Conclusions

We have reviewed recent achievements in the control of meso-
scale/nanoscale ordering of organic semiconductors at the gate
dielectric. The addition of SAMs and thin polymeric layers onto
the dielectric significantly affected the growth of organic semi-
conductors by changing the interaction between organic semi-
conductors and SAMs, which resulted in a dramatic difference in
molecular ordering and film morphologies of the organic
semiconductor layer and its field-effect mobility in device
applications. Furthermore, in-plane alignment of organic
semiconductors was induced using a gate dielectric alignment
layer, applying a shear force, or controlling the drying process.
These methods led to 1-D growth of the organic semiconductor
on the gate dielectric surface during the vacuum- or solution-
deposition process. OFET performances of 1-D aligned organic
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semiconductors were superior when the alignment direction was
parallel to the source—drain channel direction. Because not only
the structure of the organic semiconductors near the gate
dielectric but also other parameters such as surface defects,
polarity, and roughness of the dielectric can affect charge
transport near semiconductor/gate dielectric interfaces,
a comprehensive understanding of the charge transport mecha-
nism is needed in order to optimize the electrical properties of
OFETs.
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