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Among all organic semiconductors, pentacene has been shown
to have the highest thin film mobility reported to date.1-4 It is well-
known that the charge carrier mobility of pentacene is sensitive to
the surface properties of the dielectric layer. For example, Kelley
et al. obtained high field effect mobility (∼3 cm2/Vs) with terrace-
like pentacene multilayers on a 1-phosphoneo-hexadecane treated
alumina dielectric layer.1b The molecular orientation and grain
morphology of the first pentacene monolayer depend on pentacene-
substrate interactions, which can be controlled by modification of
the dielectric surface in an organic thin film transistor (OTFT) with
a self-assembled monolayer (SAM).2,3 Since the majority of charge
carriers in an OTFT are located at the semiconductor-dielectric
interface, this work focuses on the correlation between pentacene
ultrathin film morphology and the overall OTFT device perfor-
mance.4 We found that there is a direct correlation between the
crystalline structure of the initial submonolayer of a pentacene film
and the mobility of the corresponding thick film. The terrace-like
multilayered pentacene films, grown on single crystal-like faceted
islands in the first layer, have shown much higher field-effect
mobility than those grown on polycrystalline dendritic islands.

Ultrathin pentacene films (less than two monolayers (ML)<
3.2 nm) have recently been studied using atomic force microscopy
(AFM) and grazing-incidence X-ray diffraction (GIXD).2c However,
more detailed structural analyses using 2D GIXD in conjunction
with conductivity studies using conducting AFM (C-AFM) of
pentacene films have not been reported. Our work here is aimed at
understanding how the crystalline morphology of the first layer
ultimately influences the mobility of 60-nm pentacene films for
OTFT applications. These films were prepared by vacuum-
depositing pentacene at a rate of 0.5 Å/s on highly n-doped Si (with
a thin layer of native oxide) or thermally grown SiO2 on Si
substrates, which had been pretreated with different types of
SAMs: hexamethylene disilazane (HMDS) and octadecyltrimethoxy
silane (OTS). The mobility of top contact OTFTs was measured
using 60-nm-thick pentacene films.4a 2D GIXD and tapping mode
AFM (TM-AFM) were employed to observe the crystalline
morphology of multilayered pentacene films with different thick-
nesses, ranging from 2 ML to 60 nm (Supporting Information).
Finally, C-AFM was used to study current flow through ultrathin
pentacene layer(s) with different morphologies.

Figure 1 shows the 2D GIXD patterns and TM-AFM topogra-
phies for 60-nm-thick pentacene films deposited on HMDS- and
OTS-treated surfaces. Many reflection spots in the direction ofqz

(out-of-plane) at a givenqxy (in-plane) strongly suggest terrace-
like 3D crystal formation of pentacene films in the vertical direction

as well as the lateral direction. Specifically, diffraction patterns of
2 ML pentacene films were indexed to a pseudo-centered rectan-
gular unit cell (a ) 5.90( 0.01 Å, b ) 7.51( 0.01 Å, andγ )
89.92( 0.01°) with a herringbone packing2c and molecules tilted
along theb-axis by 4° with respect to the surface normal (Figure
S1 in Supporting Information). Despite minute differences such as
a small portion of different crystal orientation (indicated by black
arrows in Figure 1b) and smaller grain size in the OTS sample, 2D
GIXD supports the fact that the HMDS and OTS samples have a
similar vertical conducting path for top contact devices. Mobility
measurements, however, show drastically different mobilities:µ
) 3.4 ( 0.5 cm2/Vs on HMDS- and 0.5( 0.15 cm2/Vs on OTS-
treated surface, using 60-nm-thick pentacene films in the top contact
OTFT.

Though TM-AFM topographies of pentacene films on hydro-
philic O2 plasma treated surfaces were not shown (Figure S2), we
found that the overall surface coverage of the first layer was
significantly improved by the hydrophobic SAM treatments2 (Figure
2). A different level of surface roughness (Figure S3) from
hydrophobic SAM treatment using HMDS or OTS was used to
induce different nucleation and growth behavior in the first
pentacene layer with similar surface coverage.2c As shown in Figure
2, faceted island morphology was observed for the pentacene sub-
ML on a HMDS surface (roughness≈ 0.5 nm), while dendritic
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Figure 1. TM-AFM topographies and 2D GIXD patterns of 60-nm-thick
pentacene films on (a) HMDS- and (b) OTS-treated SiO2/Si substrates.

Figure 2. TM-AFM topographies for submonolayer and∼1.5 ML films
on (a) HMDS- and (b) OTS-treated SiO2/Si substrates.
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island morphology was found on the “smooth” OTS surface
(roughness≈ 0.1 nm). The faceted island on HMDS is reminiscent
of the single crystal-like morphology of pentacene.3a On the
contrary, the dendritic morphology represents a divergent poly-
crystalline growth initiated from a common nucleation point.3b The
faceted or dendritic island morphology within the pentacene sub-
ML has been maintained within the deposition rates from 0.1 to
0.5 Å/s (Figure S4). The TM-AFM images for∼1.5 ML pentacene
films, however, show similar dendritic islands as the second layer
grains on both HMDS- and OTS-treated surfaces. In addition, it
was found that such morphological similarity persists for pentacene
films thicker than 2 ML (Figure S5).

In recent studies about submonolayer growth of pentacene films
based on simulation2 and experiments,2,3 it has been suggested that
a slight change in deposition conditions has complex effects on
the first layer morphology. Using 2D GIXD, we found that the
uniform perpendicular pentacene orientation existed on both
HMDS- and OTS-treated surfaces (Figure S6). Despite the similarity
in molecular orientation, the morphological difference of the first
layer islands greatly influences the structure of grain boundary (GB)
within the first layer. In particular, the faceted-island morphology
on HMDS had straight GBs, which were even discernible from
TM-AFM images of∼1.5 ML film (white arrows in Figure 2).
Because of the single crystal-like nature of the faceted islands, there
would hardly be any internal defects during crystal packing in each
grain. However, because of the morphological complexity of the
dendrites, (i) two growing dendritic islands formed nonstraight GBs
upon inter-island impingement and (ii) two adjacent dendrite
branches also created intra-GBs within the island domains (Figure
S7). Although the divergently growing pentacene dendrites formed
larger individual islands resulting in fewer inter-GBs, they contained
far more inter- and intra-GBs than the faceted islands. Therefore,
the “overall” density of GBs within the first layer of pentacene
should be much higher on OTS than on HMDS.

The C-AFM images strongly suggest that the morphology of the
first and second pentacene monolayers plays a critical role in
controlling the current flow through the pentacene layers between
the AFM tip and the substrate. Using Pt/Cr-coated tips (diameter
) 30 nm) under a+1.5 V bias on the substrate, we found that the
faceted island grains on HMDS exhibited a 1 order of magnitude
greater current than the dendritic grains on OTS. (Figure 3) This
result is in good agreement with the charge mobility trend in OTFT
devices with SAM layers. In addition, because the faceted islands

formed straight GBs with less internal crystal defects, their GBs
were clearly identified in C-AFM. The dendritic GBs, however,
cannot be as clearly identified in C-AFM, presumably because of
the high density of complex inter- and intra-GBs from branched
dendritic islands.

The C-AFM current images showed that the second pentacene
layer also played an important role in lateral charge transport across
the first layer GBs by connecting the first faceted crystals. When
the faceted island grains were connected above by the second layer,
all connected grains in the first layer showed the same level of
current flow. In contrast, when the first layer grains were distributed
without connecting second layer islands, a mosaic-like current image
exhibited that different levels of current flow were isolated and
confined by the GB without the overbridging second layers.

In conclusion, 2D GIXD, TM-, and C-AFM analyses of
pentacene films support the idea that the morphology of ultrathin
layers plays a crucial role in determining mobility in OTFT. While
60-nm-thick pentacene films exhibited similar terrace-like multilayer
structure with the long axis of pentacene perpendicularly oriented
as determined from TM-AFM and 2D GIXD, its charge mobility
in an OTFT was quite different, depending on the types of
hydrophobic SAM surface treatment. This difference is related to
the morphological difference of the first pentacene layer “buried”
under the terrace-like multilayers. We found that the faceted islands
on HMDS showed larger current flow than the dendritic islands
on OTS using C-AFM. This trend in C-AFM current images
correlated well with the charge carrier mobility measured in OTFTs.
Such faceted morphology represents single crystal-like pentacene
islands, which have fewer internal crystal defects and higher current
flow than the dendritic islands.
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Figure 3. Simultaneously recorded contact topography (left) and C-AFM
current (right) images for∼1.5 ML films on (a) HMDS- and (b) OTS-
treated Si substrates. (The insets represent C-AFM experimental scheme,
the cross-sectional profiles in topology, and C-AFM images, respectively.)
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