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ABSTRACT: Organic thin film transistor (OTFT) performance
is highly materials interface-dependent, and dramatic performance
enhancements can be achieved by properly modifying the
semiconductor/gate dielectric interface. However, the origin of
these effects is not well understood, as this is a classic “buried
interface” problem that has traditionally been difficult to address.
Here we address the question of how n-octadecylsilane (OTS)−
derived self-assembled monolayers (SAMs) on Si/SiO2 gate
dielectrics affect the OTFT performance of the archetypical
small-molecule p-type semiconductors P-BTDT (phenylbenzo[d,d]thieno[3,2-b;4,5-b]dithiophene) and pentacene using
combined in situ sum frequency generation spectroscopy, atomic force microscopy, and grazing incidence and reflectance X-
ray scattering. The molecular order and orientation of the OTFT components at the dielectric/semiconductor interface is probed
as a function of SAM growth mode in order to understand how this impacts the overlying semiconductor growth mode, packing,
crystallinity, and carrier mobility, and hence, transistor performance. This understanding, using a new, humidity-specific growth
procedure, leads to a reproducible, scalable process for highly ordered OTS SAMs, which in turn nucleates highly ordered p-type
semiconductor film growth, and optimizes OTFT performance. Surprisingly, the combined data reveal that while SAM molecular
order dramatically impacts semiconductor crystalline domain size and carrier mobility, it does not signif icantly inf luence the local
orientation of the overlying organic semiconductor molecules.

■ INTRODUCTION
Organic thin film transistors (OTFTs) offer many attractions
for unconventional electronic circuitry,1 including solution-
processability/printability,2 mechanical flexibility,3 fabrication at
low temperatures,4 low production costs via roll-to-roll
printing,5 biocompatibility,6 and high performance.7 In these
devices, charge carriers are created in a thin semiconductor
channel at the interface with the gate dielectric via a field-effect
mechanism,1e,h,6c,7e with a representative bottom-gate/top-
contact OTFT architecture shown in Figure 1a. While the
dielectric/semiconductor interfacial structure is of great
significance for OTFT performance because it strongly affects
charge transport within the proximate semiconducting
channel,7a,8 such buried interfaces are poorly understood at
the molecular level and, indeed, unambiguous in situ structural
characterization of such functional interfaces presents a
daunting challenge.1f,9 As recently demonstrated by Massari
and co-workers,10 the nonlinear optical probe, vibrational sum
frequency generation (SFG) spectroscopy, offers a powerful
tool for advancing the molecular level understanding of
important interfaces in electronically functional organic

materials. Here we present the results of an interface-specific
characterization study, combining SFG, atomic force micros-
copy (AFM), grazing-incidence X-ray diffraction (GIXRD), X-
ray reflectivity (XRR), and OTFT electrical measurements,
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Figure 1. Components of organic thin film transistors fabricated with
n-octadecylsilane (OTS)-functionalized gate dielectrics. a. Sketch of a
bottom-gate/top-contact OTFT device architecture. b. Molecular
structure of the organic semiconductor P-BTDT.
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aimed at understanding how gate dielectric microstructure and
growth affect OTFT performance for an archetypical small-
molecule semiconductor. Importantly, we show that while
molecular order within self-assembled monolayer (SAM)
coatings on Si/SiO2 gate dielectrics dramatically impacts the
semiconductor interfacial growth morphology, hence TFT
performance, it does not af fect the semiconductor molecular
orientation. To achieve optimum control over SAM growth, we
also report a new, efficient, and scalable humidity controlled
method of growing highly ordered OTS SAMs, and show that it
provides optimal OTFT performance.
A major advance in OTFT dielectric/semiconductor

interfacial modification has been the chemisorption of
alkylsilane SAMs onto SiO2 gate dielectric surfaces, reducing
both the density of charge trapping sites and the SiO2 surface
energy, thereby increasing microstructural order in the
overlying semiconductor films.11 Thus, n-octadecylsilane
(OTS)-based SAMs significantly enhance OTFT perform-
ance,12 with the degree of enhancement reflecting changes in
the SAM microstructural order.13 Previous studies aimed at
understanding these effects relied heavily on GIXRD to
characterize variations in OTS SAM order. While GIXRD is a
powerful nanoscale characterization tool, it is inherently limited
since it only samples the crystalline, that is, the intrinsically
ordered portions of the SAM.11b Vibrational techniques such as
attenuated total reflectance-IR spectroscopy have also been
employed to characterize SAM geometries (e.g., the gauche
defect number density in n-alkyl structures14), however they are
not based on vibrational coherences and therefore have limited
access to molecular orientations, especially in buried
interfaces.11b,13b,14 Here, the crystalline as well as noncrystalline
portions of the OTS layer in the buried interface are probed by
a combination of AFM, GIXRD, XRR, and SFG. While XRR
specifically quantifies the electron density profile along the
substrate normal, and therefore indirectly reveals the average
molecular orientation, SFG directly probes local intramolecular
conformation.
Vibrational SFG is a coherent, surface-specific spectroscopy

that is exquisitely sensitive to interfacial molecular order and
orientation.15 Since SFG is a second-order nonlinear spectros-
copy, the selection rules dictate that signals only arise from
noncentrosymmetric motifs, such as at interfaces, making it a
powerful tool for assessing order within alkyl monolayers,16 and
for tracking organic semiconductor film microstructural
changes.17 A key insight from n-alkyl SAM studies is that the
CH2 stretching modes are SFG-inactive in well-ordered, all-
trans-configured alkyl chains due to the local inversion centers
in the C−C bonds.16c Thus, the SFG spectra of well-ordered,
all-trans n-alkyl monolayers, as prepared by the present growth
technique, exhibit strong features for CH3 stretching modes,
and little or no contribution from CH2 stretching modes. In
contrast, disordered monolayers contain gauche defects along
the carbon backbone that disrupt the local inversion centers,
and the CH2 stretching modes become SFG active.16b,c Here
we apply these capabilities for the first time, combined with
AFM, GIXRD, and XRR, to resolve the issue of how SAM
order affects performance in small-molecule OTFTs fabricated
with OTS-coated SiO2 gate dielectrics.

■ EXPERIMENTAL SECTION
Materials. Octadecyltrichlorosilane (OTS) was purchased

from Sigma-Aldrich. Co. (90%) and used as received. Device
substrates consisted of heavily doped Si wafers with 300 nm of

thermally grown silicon oxide having a capacitance per unit area
(Ci) of 10 nFcm−2. P-BTDT was generously provided by Prof
M.-C. Chen of National Central University, Taiwan.18

OTS SAM Fabrication. A 300 nm Si/SiO2 substrate was
used after ethanol washing and O2 plasma cleaning. Solution
process methods were used as an alternative to vapor phase
silanization, which has been shown to induce low surface
coverages and disorganized SAM structures.13b For anhydrous
(AA-OTS) SAM fabrication, the Si/SiO2 substrates were
immersed in 3.0 mM dry toluene solutions of the silane
reagent under N2 for 10 h after the O2 plasma. Then the
substrates were sonicated with toluene, acetone, and ethanol,
followed by drying in a N2 stream. Notably, while anhydrous
conditions are expected to produce smooth OTS SAMs with
minimal aggregation, SAM formation is sluggish. Therefore, to
best obtain full surface coverage of AA-OTS, these substrates
were left in OTS solutions for longer deposition times than for
humidity-controlled SAMs (10 h vs 1 h). To fabricate
humidity-specific OTS-coated substrates, including high
humidity (HH-OTS) SAMs, growth was performed under
ambient conditions in a controlled atmosphere glovebox at
varied relative humidity levels ranging from 4 to 85%. First, a
3.0 mM OTS-hexane solution was left standing in air for 10 h
under the relative humidity conditions shown in Figure 2, with

55−60% relative humidity used for the HH-OTS films. The Si/
SiO2 substrates were then introduced into the humidity-
controlled chamber and immediately immersed in the OTS-
hexane solution for 1 h. The effect of water adsorption on the
Si/SiO2 substrate due to standing in the humidity chamber
before immersion in the OTS solution was found to be
negligible based on TFT performance. Following OTS
deposition, substrates were then sonicated with hexane,
acetone, and ethanol, followed by drying in an N2 stream.
Monolayer formation was confirmed with XRR, GIXRD, and
SFG.

SAM Characterization. To image film surface morpholo-
gies, AFM measurements were performed by using a
Dimension Icon Scanning Probe Microscope (Veeco) in the
tapping mode (Supporting Information (SI) Figures S1−S3).
Contact angle measurements were performed on a First Ten
Angstroms (FTA 125) goniometer. GIXRD and XRR experi-
ments were carried out on an 18 kW Rigaku ATXG
diffractometer using a multilayer parabolic mirror, an NaI
scintillation detector, and X-rays of wavelength λ = 1.541 Å.
Coherent vibrational spectroscopy was performed with an 800
nm, 120 fs regeneratively amplified Ti:Sapphire system (Spitfire

Figure 2. OTFT field-effect mobility as a function of OTS growth
conditions, expressed by relative humidity (% RH) during growth.
Bars indicate experimental uncertainties.
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Pro, Spectra Physics, 2.5 mJ/pulse) with a 1 kHz repetition
rate, which was used to pump an optical parametric amplifier
(OPA-800CF, Spectra Physics) producing broadband IR laser
light around 3.4 μm with a bandwidth (full width at half-
maximum) of ∼140 cm−1. Further experimental details and
data can be found in the SI.
OTFT Fabrication. Thin film transistors were fabricated in

the bottom-gate/top-contact configuration. Highly doped p-
type (100) silicon wafers (<0.004 Ωcm) were used as gate
electrodes as well as substrates, and 300 nm SiO2 thermally
grown on Si was used as the gate insulator. The unit area
capacitance is 10 nFcm−2. OTS SAMs were deposited, as
described above, prior to semiconductor deposition. Semi-
conductor thin films (50 nm) were next vapor-deposited onto
the substrates held at a predetermined temperature of 25 °C for
P-BTDT with a deposition rate of 0.1 Å/s at 6 × 10−6 Torr,
employing a high-vacuum deposition chamber (Denton
Vacuum, Inc., Moorestown, NJ). Gold source and drain
electrodes (50 nm) were vapor-deposited at 2 × 10−6 Torr
through a shadow mask in the vacuum deposition chamber.
Devices were fabricated with typical channel lengths of 100 μm,
and a channel width of 5000 μm.
OTFT Characterization. I−V plots of device performance

were measured in air and in vacuum, and transfer and output
plots were recorded for each device. The current−voltage (I−
V) characteristics of the devices were measured using a Keithley
6430 subfemtoammeter and a Keithly 2400 source meter,
driven by a local Labview program and GPIB communication.
Key device parameters, such as charge carrier mobility (μ) and
on-to-off current ratio (Ion/Ioff), were extracted from the source-
drain current (ISD) versus source-gate voltage (VSG) character-
istics employing standard procedures.19 Mobilities were
obtained from the formula μ = 2ISDL/[CiW(VSG−VT)

2 ],
defined by the saturation regime in transfer plots, where ISD is
the source-drain current, VSG is source-gate voltage, and VT is

the threshold voltage. Threshold voltage was obtained from the
x intercept of VSG vs ISD

1/2 plots. SI Figure S4 illustrates a
representative I−V curve for devices fabricated with HH-OTS.

■ RESULTS AND DISCUSSION
For this study, n-octadecyltrichlorosilane-derived monolayers
are grown on 300 nm Si/SiO2 substrates under humidity
specific conditions, as detailed in the Experimental Section.
Briefly, OTS SAMs grown in an anhydrous atmosphere,
denoted AA-OTS, are produced by depositing OTS in dry
conditions under an N2 atmosphere. All other samples were
prepared in a humidity-controlled glovebox under relative
humidity (RH) conditions ranging from 4 to 85%. The highest
performing OTFTs were fabricated with OTS SAMs deposited
at 55−60% relative humidity and are designated as high-
humidity OTS (HH-OTS) SAMs. OTS SAM microstructure
was characterized by aqueous contact angle goniometry,
GIXRD, XRR, tapping mode AFM, and SFG spectroscopy
(see SI for details). Subsequently, semiconductor thin films of
phenylbenzo[d,d]thieno[3,2-b;4,5-b]dithiophene (P-BTDT;
Figure 1b)18 were vacuum-deposited onto the OTS-function-
alized substrates. P-BTDT was chosen here because fused
thiophene-based materials present high-mobility, environ-
mentally stable alternatives to pentacene,18 and because the
asymmetric molecular structure makes it an ideal interfacial
SFG probe. Pentacene devices were also fabricated to probe the
generality of the SAM HH-OTS growth procedure on OTFT
performance. Gold source and drain electrodes were vapor-
deposited to fabricate TFTs in the bottom-gate/top-contact
configuration (Figure 1a).
To specifically examine correlations between OTFT

performance, humidity during SAM growth, and OTS surface
chemical properties, OTS SAMs were grown under different
levels of ambient relative humidity (4−85%) to examine the
effects that variations in the monolayer structure have on

Table 1. P-BTDT TFT Performance Data As a Function of Gate Dielectric Surface Treatmenta

vacuum air

dielectric surface treatment mobility (cm2V−1s‑1) threshold voltage (V) Ion/Ioff mobility (cm2V‑1s‑1) threshold voltage (V) Ion/Ioff

bare SiO2 0.078(3) max = 0.081 −30(6) 3(1) × 106 0.074(9) max = 0.085 −22(2) 10(4) × 106

AA-OTS 0.072(9) max = 0.080 −33(3) 6(4) × 107 0.085(4) max = 0.090 −41(5) 1.6(4) × 108

HH-OTS 0.24(6) max = 0.310 −36(7) 3(2) × 108 0.22(3) max = 0.250 −41(8) 4(3) × 108

aParentheses indicate experimental uncertainties.

Figure 3. a. XRR data and corresponding fits for HH-OTS (green) and AA-OTS (blue) SAM-coated substrates. The data for HH-OTS have been
shifted vertically (×104) for clarity. The fits were performed over a qz range of 0.1−0.47 Å−1 using a two-slab model under the kinematic Born
approximation. b. The best-fit e-density profiles for the HH- OTS (green) and LH-OTS (blue) SAMs. Note that the features pertaining to the silane
headgroup layer are smeared because the roughnesses at the substrate-silane and silane-alkyl tail interface are comparable to the thickness of this
layer (SI Table S2).
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OTFT electrical properties. Figure 2 shows that controlled
humidity deposition of OTS SAMs directly correlates with
subsequent contact angle measurements. Importantly, OTS
SAMs grown under 55−60% RH conditions (HH-OTS) exhibit
a narrow contact angle range of 102−104°, which correlates
with a maximum field-effect carrier mobility of 0.22(1)
cm2V−1s−1. Such optimization is reasonable since at low RH
there is insufficient water content to promote effective grafting
of the silanes, while at very high RH excess water can promote
the formation of aggregates. Figure 2 does not include
measurements from OTFTs fabricated on AA-OTS (RH =
0%) because of the much longer deposition time required (10 h
vs 1 h) to achieve OTS monolayers under completely
anhydrous conditions. Note that the advancing aqueous contact
angle data also show that the HH-OTS monolayers are
consistently more hydrophobic than the AA-OTS counterparts
(SI Figure S5), likely reflecting variations in surface structure
due to differences in OTS microstructural characteristics.
Furthermore, the transistor current−voltage (I−V) data reveal
a significant divergence in performance between AA-OTS and
HH-OTS-based OTFTs. Table 1 shows that the mobility
measured under vacuum increases from 0.072(9) cm2V−1s−1 for
AA-OTS-based OTFTs to 0.24(6) cm2V−1s−1 for HH-OTS-
based devices, indicating a strong OTFT performance enhance-
ment with the humidity-selective OTS growth. Similar results
are obtained when the devices are measured in air. The results
shown in Table 1 were obtained from a grand total of 40
different OTFTs, where the number in parentheses indicates
the standard deviation (1σ) associated with the last digit of the
value. From these results, the contact angle measurements are
clearly a very useful qualitative index of optimal OTS
monolayer microstructure for OTFT performance. Never-
theless, more sensitive and informative structural methods are
required for a deeper understanding; thus, we employ XRR,
GIXRD, and vibrational SFG.
Figure 3a shows the XRR data for the HH-OTS and the AA-

OTS SAMs as a function of qz, the scattering vector component
along the substrate normal. The solid lines are the best fits
obtained using the “standard” two box model for the in-plane
averaged electron density profile ρ(z). Physically, the two boxes
in the model represent the silane headgroup and the alkyl tail
layers of the OTS SAMs. Following Fukuto et al.,20 the

physically relevant parameters of the model, namely the
electron densities and thicknesses of the headgroup and alkyl
tail layers were extracted from the extremum positions in the
best-fit electron density profiles (Figure 3b) and their
derivatives. The two box fitting parameters are detailed
separately in SI Table S2. The profile-derived electron densities
and thicknesses for the alkyl chain layers are 0.31−0.01

+0.02 e−/Å3 and
22.6−2.3

+0.9 Å, respectively, for HH-OTS SAMs and 0.18−0.01
+0.06 e−/Å3

and 16.6−3.0
+0.6 Å, respectively, for AA-OTS SAMs. For the alkyl

tail layer of HH-OTS, the derived thickness is close to the
expected length of 17 × 1.27 Å = 21.6 Å for a fully trans-
configured 18-carbon chain, and the electron density is close to
that of a close-packed linear alkane (0.32 e−/Å3).21 These
observations suggest a solid-like packing of untilted alkyl tails in
HH-OTS. In contrast, the electron density and thickness of the
alkyl tail region of AA-OTS are much lower, suggesting a
sparsely packed layer of liquid-like disordered alkyl tails. These
XRR-based interpretations are corroborated by GIXRD
measurements. For HH-OTS, the clear presence of a single
in-plane diffraction peak at qxy ∼ 1.50 Å−1 implies that the
untilted alkyl tails are arranged on a hexagonal lattice with a
unit cell parameter of a = 4π/(√3 × qxy) = 4.83 Å (Figure 4a).
In contrast, for AA-OTS, no diffraction peak arising from the
ordering of alkyl tails is observed. We therefore conclude that
the HH-OTS SAM consists of closely packed OTS molecules
in a crystalline arrangement, while the AA-OTS SAM is
disordered, with a percent crystallinity that is below the
detection limits of the experiment. To directly compare AA-
OTS and HH-OTS SAMs at the molecular level, SFG
spectroscopy was next employed.
Figure 5 shows SFG spectra of the AA-OTS and HH-OTS

monolayers on Si/SiO2 substrates before and after P-BTDT
deposition. The spectra were obtained with a polarization
combination that probes vibrational modes with transition
dipole components oriented predominantly perpendicular to
the surface. Spectral fitting (SI Figure S6) shows that the AA-
OTS spectrum exhibits a CH3 Fermi resonance at 2930 cm

−1, a
CH2 asymmetric stretching mode at 2907 cm−1, a CH3
symmetric stretching mode at 2873 cm−1, and a CH2 symmetric
stretching mode at 2853 cm−1 (Figure 5a). In contrast, the HH-
OTS spectrum exhibits a CH3 Fermi resonance at 2940 cm−1

and a CH3 symmetric stretching mode at 2880 cm−1, while the

Figure 4. GIXRD characterization of the in-plane packing of molecules in the OTS SAMs and the P-BTDT semiconducting layer. a. Background-
subtracted GIXRD data from AA-OTS (blue) and HH-OTS (green) SAMs. The dotted line is the Gaussian fit to the HH-OTS diffraction peak. b.
GIXRD from a 3 nm P-BTDT film on HH-OTS (top, green) and AA-OTS (bottom, blue). Inset shows a schematic of the molecular projection of P-
BTDT onto the 2D in-plane lattice, illustrating the herringbone molecular packing. The data shown in the above figures is integrated over qz = 0.01−
0.14 Å−1. However, for P-BTDT on HH-OTS, synchrotron GIXRD data (not shown) were also collected over the range qxy ∼ 0−3.0 Å−1 and qz ∼
0−2.0 Å−1 using a 2D area detector. No additional diffraction peaks from ordering of the OTS alkyl tails were observed. Two additional, but weak in-
plane diffraction peaks from P-BTDT crystals were observed at qxy ∼ 2.10 Å−1 and ∼2.66. Å−1, which correspond to the (2 0) and (2 2) reflections.
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CH2 asymmetric stretching mode appears as only a small
shoulder at 2922 cm−1, and the CH2 symmetric stretching
mode intensity is negligible (Figure 5b). These results are
consistent with literature data for similar linear hydrocarbon
systems and indicate that OTS SAM growth under high-
humidity conditions yields films that are significantly more
ordered than those grown under anhydrous conditions. The
HH-OTS and AA-OTS monolayers produce strong SFG signals
from the CH3 symmetric stretching modes but not from the
CH3 asymmetric stretching mode (∼2960 cm−1). However,
when vibrational modes with transition dipole components
oriented mainly parallel to the surface are probed, the CH3
asymmetric stretching mode yields a strong SFG signal (SI
Figures S7−8), indicating that the methyl groups are oriented
principally along the surface normal.
Since the SFG results show that the AA-OTS SAMs have a

significant density of gauche defects while HH-OTS SAMs are
well-ordered, we suspected that the deposition of the
semiconductor might be impacted by SAM ordering,
potentially compromising the P-BTDT ordering and carrier
mobility on the AA-OTS substrates. Likewise, the semi-
conductor deposition process might also, in principle, alter
the SAM ordering. We therefore investigated the impact of
depositing 50 nm of P-BTDT onto the HH-OTS and AA-OTS
monolayers, followed by recording the SFG spectra. These
samples exhibit strong SFG signals above 3000 cm−1,
attributable to the P-BTDT aromatic CH stretches (Figures
5c and d). The vibrational resonances of the underlying OTS

layers are still clearly discernible at frequencies below 3000
cm−1, even with increasing P-BTDT film thicknesses (SI Figure
S9) where it is apparent that the P-BTDT molecules adopt an
anisotropic arrangement contributing to SFG signals from the
bulk. Most importantly, the HH-OTS SAM remains highly
ordered after the overlying P-BTDT layer growth, although
there is a slight red shift in the peak frequency of the CH3
Fermi resonance and CH3 symmetric stretch which is likely due
to the change in chemical environment as P-BTDT interacts
with the more ordered/uniform methyl groups of this SAM.22

The retention of HH-OTS ordering is in excellent agreement
with the aforementioned GIXRD data on HH-OTS SAMs
coated with a 3 nm P-BTDT layer, which reveal a persistent
and unchanged OTS layer diffraction peak at ∼1.50 Å−1 (Figure
4b). Furthermore, the SFG results indicate that the orientation
of the semiconductor at the interface is invariant with the order
in the underlying SAM interfacial layer. The SSP and SPS
spectra for P-BTDT on AA-OTS and HH-OTS are overlaid in
SI Figure S10 to illustrate that the peak shapes and relative
intensities assignable to P-BTDT (above 3000 cm−1) are similar
within experimental error for both SAMs. Note that for much
larger changes in SAM ordering and surface properties, there is
evidence of semiconductor orientational changes,23 although
this does not appear to play a major role for the present
materials.
The SFG-derived conclusions on the P-BTDT molecular

alignment are also supported by GIXRD measurements, which
show three in-plane diffraction peaks at qxy ∼1.33, 1.63, and
1.94 Å−1 (Figure 4b), for P-BTDT on HH-OTS as well as on
AA-OTS. This indicates that for both SAMs, the P-BTDT
molecules are arranged in a crystalline lattice, with identical
lattice parameters and molecular packing arrangement.
Furthermore, the packing of P-BTDT molecules in these thin
films has striking similarities to the P-BTDT arrangements in
the crystal structure of bulk 3D crystals.18 First, the observed
diffraction peaks can be indexed by assuming a rectangular cell
with lattice constants a = 5.96 Å and b = 7.71 Å, indicating an
only slightly expanded lattice versus the (001) crystallographic
plane (ab = 5.85 Å and bb = 7.59 Å, γ = 90.2°) of P-BTDT
single crystals.18 Second, the absence of (10) and (01)
reflections and the simultaneous observation of the (12) peak
in the GIXRD data (Figure 4b) are indicative of a herringbone
packing of molecules in a rectangular unit cell with p2gg plane
group symmetry (inset, Figure 4b).24 This is similar to the case
for the P-BTDT 3D crystal, where the molecular projections
onto the (001) plane clearly exhibit a herringbone motif. The
aforementioned correspondence between the P-BTDT packing
in thin film and 3D crystals strongly suggests that in thin films,
the P-BTDT long molecular axis lies either along or very close
to the substrate normal, because in P-BTDT 3D crystals, the
long molecular axis is nearly parallel to the (001) direction.
While the molecular packing and orientation for P-BTDT on

HH-OTS and AA-OTS SAMs are identical, there are significant
differences in the crystalline quality of the thin films in the two
cases, as indicated by substantial differences in the integrated
intensities and line widths (σ) of the diffraction peaks (SI Table
S1). In particular, the application of Scherrer’s formula reveals
that the average of the correlation lengths25 along the three
observed crystallographic directions (see SI Table S1), have
domains of 43 ± 2 nm for P-BTDT on HH-OTS and 33 ± 3
nm for P-BTDT on AA-OTS. In addition, the differences in the
integrated intensities I between the two samples can be utilized
to qualitatively compare the surface coverage by crystalline

Figure 5. Typical SFG spectra of OTS SAM-functionalized gate
dielectrics with and without an overlying P-BTDT organic semi-
conductor layer. SSP-polarized SFG spectra of a. an AA-OTS
monolayer; b. an HH-OTS monolayer; c. an AA-OTS/50 nm P-
BTDT bilayer; d. an HH-OTS/50 nm P-BTDT bilayer. Raw spectra
are shown in gray, and fitted data shown in blue and green for surfaces
covered with AA-OTS and HH-OTS, respectively. Red and black
dotted lines in a and b identify CH3 and CH2 symmetric stretch
frequencies. The shaded region above 3000 cm−1 indicates aromatic
contributions from P-BTDT. The HH-OTS sample has a higher ratio
of CH3/CH2 symmetric stretches, indicative of a more highly ordered
system. Insets: cartoons of OTS order and P-BTDT packing for each
system represented.
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domains in each because I ∝ M × N2 × σ, where M is the
number of crystals satisfying the Bragg condition and N is the
number of unit cells in each crystal.25 For the present study, the
P-BTDT films can be assumed to be nearly 2D crystalline
because the average film thickness of ∼3 nm is comparable to
the length of the c-axis (3.1 nm) for the P-BTDT 3D crystals.18

Since for 2D crystals, σ scales as (N)−1/2, the ratio of the surface
coverage by crystalline domains for P-BTDT on HH-OTS and
AA-OTS is SHH/SAA =MHH × NHH/MAA × NAA = (IHH × σHH)/
(IAA × σAA). From the intensities and line widths for the three
diffraction peaks (SI Table S1), the average of the ratio SHH/SAA
is found to be ∼2.6.26
The above analysis indicates 30% larger crystallite domain

sizes for P-BTDT on HH-OTS than on AA-OTS. This finding
is important because the carrier mobility in organic semi-
conductors has been shown to scale linearly with domain size.27

Furthermore, the mobility is expected to increase if the
interdomain regions are more ordered, that is, if the overall film
crystallinity increases.28 In this study, the GIXRD data reveal a
2.6× increase in crystallinity for P-BTDT on HH-OTS which
correlates very well with a nearly 3.3× increase in the film
mobility (Table 1). We therefore conclude that the semi-
conductor crystallinity in the OTFTs studied here is strongly
driven by the molecular order within the underlying OTS
monolayer. It is interesting, however, that the local molecular
orientation of the semiconductor molecules within the
crystalline domains does not depend on the molecular order
of the OTS underlayer. A cartoon representation of this
scenario is illustrated in the insets of Figures 5 and 6, where the
average orientation of the organic semiconductor molecules
remains the same, but the crystalline domain size is larger for
HH-OTS.

Complementary tapping mode AFM images illustrate the
close relationship between semiconductor film surface
morphology and OTFT electrical performance, as influenced
by the underlying OTS layer. Given that OTFT charge
transport occurs primarily within the first few monolayers of
the semiconductor film proximate to the gate dielectric
layer,7a,29 AFM images were recorded during the initial P-
BTDT film growth stages, as defined by a quartz crystal
microbalance (Figure 6). These images clearly show that AA-
OTS monolayers (Figure 6a) afford low P-BTDT nucleation
densities and poor 2D growth in the initial 1.5 nm of
semiconductor film versus growth on HH-OTS (Figure 6b and

SI Figure S9). We attribute this promotion of high nucleation
densities and extended 2D growth to the highly aligned and
ordered HH-OTS monolayers, identified by the aforemen-
tioned SFG and X-ray scattering measurements, which facilitate
the growth of densely packed semiconductor films and affords
significantly enhanced OTFT device performance. Although
AFM images of P-BTDT/AA-OTS show larger morphological
grain sizes than on HH-OTS, note that morphological grain
size is not always identical to crystalline domain size.
Accordingly, the GIXRD data show that the crystalline domain
sizes for P-BTDT on HH-OTS are significantly greater than on
AA-OTS. Thus, the densely packed, largely crystalline domains
of P-BTDT on HH-OTS correlate well with the enhanced
mobility.
Note that we also observe the same high nucleation densities

in pentacene monolayers grown on HH-OTS SAMs (SI Figure
S11), which exhibit a substantial hole mobility of 1.3 cm2V−1s−1

for 50 nm pentacene films, significantly greater than the
measured μ = 0.15 cm2V−1s−1 for pentacene on AA-OTS
SAMs. This result suggests that the optimal conditions of OTS
deposition as demonstrated here (RH 55−60%) have
significant generality and that the ability to tailor OTS
interfacial organization by controlling the relative humidity is
clearly an advantageous step toward optimizing interfacial layers
for individual semiconductors.

■ CONCLUSIONS
These results provide compelling evidence that the molecular
order and orientation of OTS monolayers at the dielectric/
semiconductor interface dramatically impact the molecular
packing/growth mode and crystallinity of overlying organic
semiconductor films, and hence OTFT performance. Notably,
combined vibrational SFG, AFM, GIXRD, XRR, and I/V
measurements show that molecular order in OTS SAMs
covering the gate dielectrics dramatically impacts OTFT
performance but not the local molecular orientations in the
overlying organic semiconductor. Furthermore, we have shown
how and why an OTS deposition process at 55−60% relative
humidity, which affords OTS monolayers with an aqueous
contact angle in the narrow range of 102−104°, promotes
optimum semiconductor growth, and enhances OTFT
performance. This growth process offers a reliable, efficient,
and scalable method for fabricating highly ordered OTS SAMs.
This level of understanding and control over interfaces, such as
those presented here, is vital for the continued progress of
organic electronics.
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