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Abstract
Ultra-thin self-assembled monolayer (SAM)-oxide hybrid dielectrics have gained significant
interest for their application in low-voltage organic thin film transistors (OTFTs). A [8-(11-
phenoxy-undecyloxy)-octyl]phosphonic acid (PhO-19-PA) SAM on ultrathin AlOx (2.5 nm) has
been developed to significantly enhance the dielectric performance of inorganic oxides through
reduction of leakage current while maintaining similar capacitance to the underlying oxide
structure. Rapid processing of this SAM in ambient conditions is achieved by spin coating,
however, as-cast monolayer density is not sufficient for dielectric applications. Thermal annealing
of a bulk spun-cast PhO-19-PA molecular film is explored as a mechanism for SAM densification.
SAM density, or surface coverage, and order are examined as a function of annealing temperature.
These SAM characteristics are probed through atomic force microscopy (AFM), X-ray
photoelectron spectroscopy (XPS), and near edge X-ray absorption fine structure spectroscopy
(NEXAFS). It is found that at temperatures sufficient to melt the as-cast bulk molecular film,
SAM densification is achieved; leading to a rapid processing technique for high performance
SAM-oxide hybrid dielectric systems utilizing a single wet processing step. To demonstrate low-
voltage devices based on this hybrid dielectric (with leakage current density of 7.7×10−8 A cm−2

and capacitance density of 0.62 µF cm−2 at 3 V), pentacene thin-film transistors (OTFTs) are
fabricated and yield sub 2 V operation and charge carrier mobilites of up to 1.1 cm2 V−1 s−1.

Keywords
Self Assembled Monolayer (SAM); SAM Dielectric; Hybrid Dielectric; SAM Processing; Organic
Field Effect Transistor (OFET); Organic Thin Film Transistor (OTFT)

1. Introduction
Organic thin-film transistors (OTFTs) have become a field of interest due to their
application in low-cost, flexible, solution processed electronic devices [1–4]. Potential uses
include but are not limited to radio-frequency identification (RFID) tags, electronic paper,
chemical sensors, and background circuitry to active matrix displays [5–8]. Although much
work in the OTFT field has been aimed at increasing device performance by improving the
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semiconducting layer through tuning molecular design and/or processing of small-molecule/
polymeric materials that it is comprised of, it has been demonstrated that modification of the
gate dielectric can be equally influential [9–13].

Manipulation of the dielectric layer has been accomplished both through organic and
inorganic means, however, recently hybrid inorganic/organic ultra-thin dielectric materials
have attracted attention for their robust insulating properties and ease of processing [14–16].
One method of obtaining these hybrid structures is through merging inorganic oxides and
self-assembled monolayers (SAMs) [17]. This technique has been demonstrated by several
groups and has proven to be quite successful, allowing the formation of sufficiently
insulative layers that are less than 10 nm in thickness [18–20]. Through molecular design,
electronic properties of these structures can be tailored to meet the needs of a wide variety of
device constraints [13,21,22]. However, several obstacles have yet to be overcome in order
to make this approach to forming OTFT dielectrics ubiquitous.

One such limiting factor in the creation of an ideal inorganic oxide/SAM hybrid dielectric is
the binding chemistry employed to anchor SAM molecules to the substrate surface.
Anchoring has been achieved through a variety of chemical processes, however, many
techniques possess drawbacks that make their implementation highly situational. Several
methods of adhesion commonly found in self-assembly literature and employed for hybrid
dielectric enhancement are as follows: Molecular physisorption to a substrate surface has
been demonstrated to be a viable means of self-assembly for dielectric formation. However,
as these molecules are not chemically bound to the substrate, their resilience to mechanical
forces proves to be problematic [23]. Alternatively, silane based chemistry allows for direct
chemical anchoring to a wide range of inorganic oxides and has several different binding
moieties (Si-(Cl)1–3, or Si-(OR)1–3). Unfortunately, high reactivity results in several
undesirable traits such as a propensity for homocondensation, sensitivity to moisture, and
potential for aggregate formation on substrate surfaces if reaction conditions are not
precisely controlled [24–26]. Conversely, carboxylic acids exhibit reduced reactivity with
oxide surfaces, however, this can prove to be equally problematic in achieving dense, high
coverage assemblies [27–33]. Due to the drawbacks associated with silane/carboxylic acid
chemistry, phosphonic acids (PAs) have become an attractive alternative for their reactivity
with a wide range of metal oxides, ambient stability, and inability to homocondense [10, 34–
36].

Dense and ordered PA self-assembly is typically accomplished by lengthy immersion time
in dilute solutions, sometimes in excess of 16 hours [34a]. Well-packed SAM structures
have been achieved by rapid spin coating processes and microcontact printing [34b, 37a].
However, papers describing self-assembly by spin casting/printing often only achieve this
with simple alkyl-structures that do not provide steric hindrance sufficient to block other
SAM molecules from reaching the substrate surface and/or do not provide significant
characterization of the monolayer. In this manuscript, chemically complex aryl-alkyl-PA
SAMs are formed by spin coating a molecular multilayer. Through thermal annealing of the
bulk film, rather than subsequent wet processes, rapid densification is achieved, conserving
solvent, compound, and time. Characterization of this processing technique is examined
through various spectroscopic methods and proven to facilitate the spin casting of SAMs
with complex molecular structures that exhibit non-negligible steric effects during self-
assembly and normally do not achieve dense packing.

It should be noted that the solid state densification procedure presented here is generally
applicable to large SAM molecular structures besides PhO-19-PA that do not normally form
highly ordered monolayers through rapid immersion [36b]. However, in this manuscript
PhO-19-PA will be exclusively used to systematically characterize this processing technique
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and demonstrate its applicability in forming high performance hybrid SAM-metal oxide
dielectrics.

2. Materials and Methods
2.1 PhO-19-PA Synthesis

The PhO-19-PA,[8-(11-phenoxy-undecyloxy)-octyl]phosphonic acid, molecule was
synthesized through the following procedures (Scheme 1).

All chemicals were purchased from Aldrich and used as received unless otherwise specified.
Tetrahydrofuran (THF) was distilled under nitrogen from sodium with benzophenone as the
indicator. Methylene chloride was distilled over P2O5 and 11-Phenoxy-1-undecanol (1a)
was synthesized following the reported method [37b]. 1H NMR spectra (300 MHz) were
taken on a Bruker-300 FT NMR spectrometer with tetramethylsilane (TMS) as internal
reference. Elemental analysis was determined at QTI (Whitehouse, NJ). ESI-MS spectra
were obtained on a Bruker Daltonics Esquire Ion Trap Mass Spectrometer.

11-(8-Bromooctoxy)undecoxybenzene (1b)—To a mixture of 1,8-dibromooctane
(3.26 g, 12.0 mmol) and sodium hydride (0.384 g, 16.0 mmol) in dry THF (30 mL) under
nitrogen was dropwise added the solution of 11-phenoxy-1-undecanol (1a) (1.06 g, 4.0
mmol) in dry THF (5 mL). The mixture was stirred overnight under reflux, cooled down to
room temperature and filtered to remove insoluble salts. The filtrate was concentrated by
rotary evaporation under reduced pressure. The crude product was purified over silica gel
column chromatography with hexane:methylene chloride (3:1) as the eluent to afford a
white solid (1.43 g, 79%). 1H NMR (300 MHz, CDCl3): δ 7.27–7.33 (m, 2H), 6.89–6.98 (m,
3H), 3.97 (t, 2H, J = 6.6 Hz), 3.38–3.45 (m, 6H), 1.25–1.91 (m, 30H). C25H43BrO2: Calcd C
65.92, H 9.51, Br 17.54; Found C 66.07, H 9.58, Br 17.46. ESI-MS (m/z): Calcd. 454.2;
Found 454.1.

Diethyl 8-(11-phenoxy)undecoxyoctylphosphonate (1c)—A mixture of 1b (0.91 g,
2.0 mmol) and triethyl phosphite (9.55 g, 10.0 mL) was heated under nitrogen at 150 °C for
20 h. The excess of triethyl phosphite was removed by distillation under vacuum. The crude
product was purified over silica gel column chromatography with methylene chloride to
methylene chloride:ethyl acetate (5:1) as the eluents to afford a white solid (0.72 g,
70%). 1H NMR (300 MHz, CDCl3): δ 7.23–7.31 (m, 2H), 6.87–6.90 (m, 3H), 4.04–4.12 (m,
4H), 3.95 (t, 2H, J = 6.6 Hz), 3.35–3.42 (m, 4H), 1.28–1.81 (m, 38H). C29H53O5P: Calcd C
67.94, H 10.42, P 6.04; Found C 68.05, H 10.51, P 5.95. ESI-MS (m/z): Calcd. 512.4; Found
512.4.

8-(11-Phenoxy)undecoxyoctylphosphonic acid (1)—To a solution of 1c (0.385 g,
0.75 mmol) in dry methylene chloride (20 mL) under nitrogen was dropwise added
bromotrimethylsilane (0.689 g, 0.58 mL, 4.50 mmol). The mixture was stirred overnight at
room temperature. The reaction mixture was poured into water (200 mL), filtered and
washed with large amount of water to collect a white solid (0.272 g, 80%). 1H NMR (300
MHz, CDCl3): δ 7.50–7.95 (s, br, 2H), 7.23–7.30 (m, 2H), 6.80–6.95 (m, 3H), 3.95 (t, 2H, J
= 6.6 Hz), 3.35–3.42 (m, 4H), 1.10–1.80 (m, 32H). C25H45O5P: Calcd C 65.76, H 9.93, P
6.78; Found C 65.87, H 10.02, P 6.71. ESI-MS (m/z): Calcd. 456.3; Found 456.3.

2.2 Substrate Preparation
Heavily P-doped (boron, 0.01–0.02 ohm-cm) native oxide silicon substrates were cleaned by
piranha etching H2SO4:H2O2 (volume ratio, 3:1) for 10 minutes, followed by immersion in
H2O:H2O2:NH4OH (5:1:1) at 80 °C and through rinsing in DI H2O. If these experimental
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conditions are reproduced, care should be taken to avoid accidental exposure to any etchant
solutions as they are extremely caustic.

2.3 Dielectric Fabrication
Clean substrates were placed in a Diener Femto low-pressure air plasma system for 10
minutes directly beneath an overhanging aluminum electrode operating at 40 kHz. This has
been shown by our group to deposit a ~2.5nm thick layer of AlOx on substrate surfaces as
previously verified by time of flight secondary ion mass spectroscopy (TOF-SIMS) [17].
The PhO-19-PA SAM was prepared on the Si native oxide/AlOx layer via spin coating from
a 3 mM solution in chloroform: tetrahydrofuran (THF) (4:1) at 3k RPM for 30 seconds. The
bulk SAM coated substrate was then subject to the appropriate annealing/cleaning
conditions used to explore mechanisms of SAM formation. The condition deemed ideal for
the assembly of a well ordered SAM with excellent dielectric properties is as follows: post
spin coating, the multilayer-covered substrates were subjected to annealing at 140 °C for 10
minutes followed by the rinse-off of bulk molecular aggregate. This rinsing process
consisted of sonication in triethylamine: dimethylformamide (1:20) for 10 minutes followed
by a five-minute sonication in THF and a five-minute sonication in ethanol. Annealing
temperatures above 140 °C were explored, however, no further SAM densification was
observed and substrate surface morphology worsened, therefore, these experiments will not
be discussed in further detail.

The same dielectric architecture using n-octadecylphosphonic acid (99.9% purity PCI
Synthesis) in lieu of PhO-19-PA was fabricated to provide a comparison between the two
molecules. Substrates were cleaned and plasma treated in an identical manner. ODPA was
spun cast from a 1:4 THF:chloroform solution, annealed at 140 °C for 10 minutes, and
cleaned via sonication in THF then hexanes.

2.4 SAM Characterization: Atomic Force Microscopy
Images were taken in tapping mode using a Miltimode Nanoscope III atomic force
microsope made by Digital Instruments. Etched silicon tips were used with resonant
frequencies between 300 and 350 kHz. Roughness measurements were calculated using
NanoScope Analysis V1.20 from scan sizes of 2 µm by 2µm.

2.5 SAM Characterization: Near-Edge X-ray Absorption Fine Structure Spectroscopy
(NEXAFS)

Spectra were measured at the National Synchrotron Light Source (NSLS) U7A beamline at
Brookhaven National Laboratory, using an elliptically polarised beam with ~85% p-
polarisation. A monochromator with 600 l/mm grating provided a full-width at half-
maximum (FWHM) resolution of ~0.15 eV at the carbon K-edge (285 eV). The
monochromator was calibrated using the 285.35 eV C 1s → π* transition on a graphite
transmission grid placed in the upstream path of the X-rays. C K-edge spectra were
normalized by the spectrum of a clean gold surface prepared by evaporation of gold in
vacuum. Both reference and sample signals were divided by the NEXAFS signal of a gold-
coated reference mesh to account for beam intensity variations.

2.6 SAM Characterization: X-Ray Photoelectron Spectroscopy (XPS)
The SAMs were characterized by XPS with a Kratos AXIS Ultra DLD instrument (Kratos,
Manchester, England) in the hybrid mode using a monochromatic AlKα X-ray source
(photon energy = 1486.6 eV) and normal emission geometry. The XPS determined
compositions were an average from three spots on two replicates. Atomic compositions were
calculated from peak areas obtained from 0 – 1100 eV survey scans (C 1s, Au 4f) and
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selected region scans (O 1s, P 2s, Si 2p) acquired at an analyzer pass energy of 80 eV. A
linear background was subtracted for all peak quantifications. The peak areas were
normalized by the manufacturer-supplied sensitivity factors and surface concentrations were
calculated using Casa XPS software.

2.7 Dielectric Characterization
Agilent 4284B LCR Meter was used for dielectric capacitance characterization. Thermally
evaporated gold squares (area: 4×10−4 cm2, evaporated at 1Å/s, 50 nm final thickness) were
used as the top electrodes and the electrically conductive heavily P-doped Si substrate was
used as a universal bottom electrode.

2.8 OTFT Device Construction
Substrates with hybrid dielectrics fabricated in the aforementioned manner (see Dielectric
Fabrication) were placed in a thermal evaporator and allowed to heat to 60 °C under high
vacuum. Pentacene (99.95% Aldrich) was evaporated at 0.2 Å/s until the desired thickness
of 40 nm was reached. Substrates were cooled to room temperature under high vacuum prior
to the thermal evaporation of source and drain electrodes. Gold electrodes were patterned by
shadow mask and evaporated at 1 Å/s for a final thickness of 50 nm.

2.9 OTFT Device Characterization
Transistor characterization was performed in a dry N2 environment using Agilent 4155B
semiconductor parameter analyser. Field effect mobility (μ) was calculated in the saturation
regime using a linear fit of (−Ids)1/2 vs. Vgs. Threshold voltage (Vt) was calculated as the x-
intercept of the linear section of the (Ids)1/2 versus Vgs plot. Subthreshold swing (S) was
calculated by the inverse slope of Ids versus Vgs in the region of exponential current
increase.

3. Results and Discussion
3.1 Rationale of Molecular Design

The PhO-19-PA molecule (Fig. 1A) was designed as phenyl-terminated alkylphosphonic
acid. It has been demonstrated that aliphatic chain length can substantially influence the
ability of molecules to self-assemble in a manner favorable to the enhancement of dielectric
properties. Longer chain lengths reduce leakage current and provide a greater barrier for
electron tunnelling [21,38], Conversely, short chain lengths do not provide enough enthalpic
gain due to Van der Waals interactions to provide significant ordering effects. Phosphonic
acid bound alkyl-chain lengths of 18 CH2 or longer form highly ordered structures, thus
PhO-19-PA was specifically designed to maximize this interaction [10,34]. Aromatic
terminal structures are known to improve dielectric properties of SAMs by enhancing
intermolecular interaction through π-π stacking [39]. Through integration of the
aforementioned molecular design principals, PhO-19-PA molecule attempts to maximize
dielectric properties of its SAM while maintaining solubility in a wide range of solvents,
making it compatible with the fabrication of many device architectures.

3.2 Oxide Structure and SAM Formation by Spin Coating
The oxide structure used in this study was made by a plasma-enhanced deposition of AlOx
onto the silicon native oxide surface of a highly P-doped wafer. From AFM images it can be
seen that this surface has an almost identical morphological appearance to Si native oxide,
with an RMS roughness of ~0.2 nm. Following AlOx deposition, a 3 mM solution of
PhO-19-PA is prepared in THF:chloroform (1:4) and spun cast onto the substrate at 3k RPM
to form the remainder of the hybrid dielectric structure (Fig. 1B).
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Spin coating of phosphonic acid monolayers has been previously investigated by H.-Y. Nie
et al [40]. In their work, octadecylphosphonic acid (ODPA) was spun coat onto mica and
other oxide surfaces from a 2 mM solution of nonpolar trichloroethane solvent. Post spin
coating, substrates were examined under AFM and the portion of the surface covered by
ODPA was determined by the ~2 nm variations in height seen between SAM and substrate.
From this experiment it was determined that the first spin coating step from a relatively
nonpolar solvent results in segregated island-like formations of ODPA on the surface of the
substrate. However, subsequent spin coating experiments using more polar solvents resulted
in much less dense SAM coverage. It was hypothesized that due to the polar nature of the
phosphonic acid binding group and nonpolar nature of the aliphatic chain, organization of
ODPA was occurring in solution. In nonpolar solvent, ODPA head groups are pushed
towards the air-solvent interface while the tails remain solubilized, forming ordered rafts of
phosphonic acid on the surface of the solvent. Upon spin casting, these organized molecular
structures are transferred to the substrate when rafts of phosphonic acid head groups come in
contact with the oxide surface.

Nie’s hypothesis directly pertains to the PhO-19-PA SAM system and forms the basis for
the initial SAM assembly step employed here. Islands of highly ordered SAMs bound to the
AlOx layer are formed on the substrate surface. Despite this, we believe significant defects
are present in the SAM including regions of low density, voids, and molecular-
misorientation (Fig. 2, step 1). As strong van der Waals forces and π-π interactions are
present between PhO-19-PA molecules, a bulk multilayer is present on the surface of the
substrate post spin coating. The presence of this multilayer prevents direct examination of
bound monolayer by AFM. To examine the underlying SAM a thorough rinsing process in
DMF:TEA (20:1), THF, and ethanol was employed. However, after cleaning, it is evident
that initial spin coating has indeed resulted in island SAM formation. Post rinsing,
boundaries between regions of formed monolayer are clearly present and characterized by
dark surface discontinuities in AFM images (Fig. 3-1B).

After spin casting of the multilayer and rinsing, dielectric properties are less than ideal
despite the formation of monolayer islands. Although Nie et. al. found that densification of
the SAM could be achieved through subsequent spin coating steps, this technique requires
additional SAM compound, solvent, and time. As a means of reducing the impact of
processing conditions, our group investigated the possibility of using the residual bulk
PhO-19-PA on the surface of substrate as the source of material for additional SAM
densification. Through the employment of proper annealing methods it was found that
molecular multilayers could be used to sufficiently densify or improve the surface coverage
of the SAM, resulting in a high quality ultra-thin dielectric, compatible with ambient
solution processed device architectures and a single wet processing step. A cartoon
representation of proposed mechanisms responsible for densification can be seen in Fig. 2.

3.3 AFM Characterization
From AFM images obtained of both the bulk molecular PhO-19-PA film present after spin
coating (Fig. 3, column A), and underlying SAM made visible after solvent cleaning (Fig. 3,
column B), dramatic changes in SAM morphology are seen with increased annealing
temperatures. Following spin coating without annealing, a bulk molecular layer is clearly
shown on the substrate surface (Fig. 3-1A), and upon its removal by solvent cleaning, a low-
density, patchy SAM characterized by large dark grain boundaries on the AFM image is
shown (Fig. 3-1B). Changes to the substrate surface morphology can be observed when the
bulk film is thermally annealed. By heating for 10 minutes at 60 °C, the bulk layer begins to
transform from a continuous film into a segregated structure (Fig. 3-3A). Additionally, voids
in the underlying SAM begin to fill, resulting in a more densely packed monolayer (Fig.
3-3B). At 80 °C the bulk film has melted, forming large grains of residual material and the
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underlying SAM lacks viable voids by AFM (Fig. 3-4A & 4B). For both 100 °C and 120 °C
bulk material left on the surface has formed liquid-like droplets (Fig. 3-5A & 6A) and the
SAM has the same appearance/similar roughness as bare Si (Fig. 3-5B & 6B) (0.2 nm RMS
roughness), indicative of a densely packed monolayer. Although further densification occurs
up to 140 °C, as shown by XPS and NEXAFS, AFM images of the SAM and bulk film at
140 °C look identical to those annealed at 120 °C and therefore are not shown in Fig. 3.

Based on the morphological transitions of the bulk PhO-19-PA molecular film seen at
elevated temperature, we propose that SAM densification is occurring by liquefaction of the
bulk compound facilitating molecular rearrangement (Fig. 2). Upon melting, molecules that
did not penetrate into grain boundaries in the SAM during the initial spin coating step are
allowed to reorient themselves in a manner that is favorable to surface binding. Through
their increased molecular surface mobility due to thermal activation, surface spaces not
previously occupied are filled.

The onset of melting for the bulk PhO-19-PA compound was determined through
differential scanning calorimetry to occur at roughly 59 °C, with complete liquefaction at 89
°C. This is in good agreement with phase changes observed by AFM; further validating the
hypothesis of increased SAM surface coverage through thermal activation.

3.4 XPS and NEXAFS Analysis
AFM observations are corroborated with X-ray photoelectron spectroscopy (XPS). The
elemental composition of the hybrid SAM-oxide dielectric structures after spin-casting,
annealing the bulk film at 25 °C, 60 °C, 100 °C, 140 °C for 10 min, and solvent cleaning,
respectively, were determined by XPS. The surface composition, uncorrected for attenuation
effects (Table 1), showed the presence of carbon, phosphorous, oxygen, and silicon (from
the underlying substrate). The oxygen can be attributed to both, the SAM and the oxide
substrate. The C/P ratio is an indicator of SAM order and this values increases slightly at the
highest annealing temperatures [34]. The C/Si ratio describes the surface coverage and it
shows surface carbon concentration increase with annealing temperature, in line with the
observed densification by AFM (Fig. 3). After the initial spin coating the C/Si ratio is 3.5
and by annealing at 140 °C, an increase to 5.4 is achieved. Contrary to AFM images, this
shows that the SAM density/surface coverage continues to increase at temperatures well
above Tm of the bulk molecular layer up to 140 °C.

The chemical state and structure of the SAMs were also studied with NEXAFS
spectroscopy. NEXAFS spectra provided insight into the electronic structure of surfaces by
sampling unoccupied molecular orbitals [41]. Structural parameters like alignment, order
and orientation in monomolecular films can be probed using the linear dichroism of X-ray
absorption by recording the dependence of absorption resonance intensities on the
orientation of the electric field vector of the synchrotron X-ray beam with respect to the
orientation of molecular orbitals. The linear dichroism can be monitored by measuring
spectra at normal and glancing X-ray incidence angles with respect to the sample surface.
Spectra collected at 55°, the ‘magic angle’, are not affected by molecular orientation and are
therefore only representative of the electronic and chemical state of the surface.

C K-edge spectra for SAMs with different annealing temperatures acquired at an X-ray
incidence angle of 55° are presented in Fig. 4A. All spectra exhibit an absorption edge
related to the excitation of the C 1s electrons into the continuum states and additional
characteristic absorption resonances. The spectra show the π1* resonance of the terminal
phenyl moiety near 285.6 eV. The spectra also exhibit a weak Rydberg resonance (R*) near
287.6 eV mostly related to the aliphatic chains, and broad σ* resonances related to C-C
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bonds at higher photon energies [41–44]. The spectra are very similar and indicate intact
SAMs with no indications of C=O or other chemical impurities [41, 45–47].

Fig. 4B displays the respective 70° – 20° difference spectra. The sample prepared at 25 °C
shows a weak negative dichroism for the R* resonance, a signature of strongly inclined and
mostly disordered chains. A difference peak for the phenyl moiety is not detected, indicating
the phenyl groups are disordered. The 60 °C sample shows no dichroism and the film is
most likely disordered. The SAMs annealed at 100 °C and 140 °C, however, show
pronounced linear dichroisms for both the chains and the phenyl groups. The polarity of the
difference peaks indicates the phenyl group and the chain are oriented upright. The film
annealed with 140 °C shows the highest degree of order. We performed a more quantitative
analysis of the molecular orientation using relative resonance intensities for the π1* and the
R* resonances based on published procedures [41,48]. The analysis yields tilt angles of 31°
±5° and 30°±5° versus the surface normal for the alkyl chains and the phenyl rings,
respectively. Similar values have also been observed for well-ordered aliphatic SAMs on
gold and SiO2, while thiol SAMs on silver (≈14°), platinum (<15°) and gallium arsenide
(≈18°) have shown more upright orientations [49–52].

3.5 Dielectric Characterization
To further evaluate the mechanism of densification and examine the effectiveness of the
PhO-19-PA SAM-oxide structure as a dielectric, leakage current and breakdown voltage
were evaluated (Fig. 5). To quantify the effect of the SAM, dielectric properties of the AlOx/
Si native oxide layer were first analyzed resulting in very high leakage currents (10−5 A
cm−2) at 3 V, and low breakdown voltages (~4 V), making it unsuitable for a dielectric
material. Upon initial application of the SAM, a one to two order of magnitude drop in 3-
volt-leakage-current can be observed. After annealing the bulk film, large drops in leakage
current are demonstrated. Most notably, at 140 °C, leakage current reaches 7.7×10−8 A
cm−2. Although reduction of leakage current several orders in magnitude is facilitated by the
addition of the SAM to the underlying AlOx/Si native oxide layer, capacitance with respect
to applied voltage changes little with the presence of the monolayer, dropping from 0.96 µF
cm−2 to 0.62 µF cm−2 at three volts.

For comparison, the same dielectric structure was fabricated with n-octadecylphosphonic
acid (ODPA) instead of PhO-19-PA, and it exhibited leakage current on the order of 10−5–
10−6 A cm−2 at 3 V. This further validates the importance of establishing a rapid processing
procedure for molecularly complex SAMs, as the advantages conferred by such molecules in
dielectric architectures are clearly shown by the 2–3 order of magnitude drop in leakage
current between ODPA and PhO-19-PA monolayers.

3.6 Low-Voltage Pentacene OTFTs
To demonstrate the potential of this dielectric material in OTFTs, top-contact pentacene
devices were fabricated. After construction of a hybrid dielectric using the ideal processing
conditions, substrates were placed in a thermal evaporator and allowed to heat to 60 °C to
ensure optimal pentacene growth conditions. Segregated regions of pentacene were then
evaporated onto the surface of the substrates at 0.2 Ås−1 using shadow mask. Once the
evaporation was complete substrate were allowed to cool back to room temperature. Top
contact gold electrodes were evaporated at 1 Ås−1 and patterned with shadow mask.

20 µm channel length pentacene devices were found to exhibit excellent low-voltage
performance. For Vds and Vgs ≤ 2 V, charge carrier mobiles of up to 1.1 cm2 V−1 s−1 were
observed (Fig. 6 & Table 2). Additionally, minimal hysteresis is shown to exist in both
output and transfer curves.
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4. Conclusion
Ultra-thin hybrid dielectric structures utilizing SAMs and inorganic oxides result in highly
functional components of OTFT device architectures. Processing of molecularly complex
SAMs capable of providing sufficient insulating properties can be achieved through rapid
solid state annealing of spun cast bulk molecular films. This technique results in reduced
solvent and compound requirements when compared with traditional wet processes. Solid
state PhO-19-PA SAM densification was studied with AFM, XPS and NEXAFS. It was
shown that PhO-19-PA SAM densification occurs rapidly at T > Tm of the bulk film, with
SAM density/order maximized at an annealing temperature of 140 °C. Surface carbon
concentration of the SAM covered substrate increases (XPS C/Si atomic ratio increases from
3.5 to 5.4) and SAM structure moves from a largely disordered state to an ordered film with
molecules tilted at ~30° versus the surface normal for the alkyl chains and the phenyl rings
(NEXAFS) after annealing at 140 °C. Dielectric properties corroborate spectroscopic/AFM
measurements as leakage current drops from 10−5 to 7.7×10−8 A cm−2 at 3 V. Pentacene
OTFT performance is demonstrated on this low-voltage platform with operating voltages of
less than 2 V, and mobility of up to 1.1 cm2 V−1 s−1.
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Figure 1.
(A) Chemical structure of PhO-19-PA molecule. (B) Schematic of hybrid SAM-oxide
dielectric used to study SAM densification through solid state annealing.
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Figure 2.
Illustration of proposed SAM densification mechanisms. Step 1: Spin coating of disordered
as-cast multilayer film. A) PhO-19-PA molecules misoriented and unable to bind with
surface. B) Multilayer formation with bound monolayer below. C) SAM lying flat on
surface/voids in monolayer due to low density assembly. Step 2a: Multilayer removal prior
to annealing, resulting in SAM island formation on substrate surface. A–C) Unbound/
misoriented molecules are removed, with bound SAM islands remaining on the surface. Step
2b: Annealing of PhO-19-PA multilayer allowing SAM densification to occur. A)
Reorientation of SAM molecules favorable to surface binding. B) Diffusion of SAM
molecules across the substrate surface forming large droplets of residual PhO-19-PA
material. C) Diffusion of PhO-19-PA across surface; filling in holes and “pushing up” low
density structures. Step 3: Clean SAM after thermal annealing. A–C) Post cleaning a highly
ordered, dense SAM is left on surface.
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Figure 3.
PhO-19-PA SAM densification through thermal annealing. (A) AFM images of as-cast
PhO-19-PA multilayer film after annealing step. (B) AFM images of SAM surface after
thermal annealing and solvent cleaning to remove bulk PhO-19-PA multilayer. Note: 500
nm horizontal scale bar applies to all images, vertical (colored) scale bars apply to images
directly below scale bar.
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Figure 4.
NEXAFS spectra of PhO-19-PA SAMs after spun cast bulk film is annealed at 25 °C, 60 °C,
100 °C, and 140 °C for 10 min., followed by solvent cleaning. (A) Carbon K-edge spectra
acquired at a 55° incidence angle. (B) Carbon K-edge difference spectra (70°–20° angles).
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Figure 5.
(A) Plots of leakage current vs. voltage, and (B) capacitance vs. voltage for the metal-
insulator-semiconductor (MIS) capacitor. Semiconductor: heavily doped P-type Si.
Dielectric: SAM on 2.5 nm AlOx and Si native oxide layers. Metal: 50 nm thermally
evaporated Au. Bulk spun cast PhO-19-PA films were annealed at temperatures of 25 °C, 60
°C, 100 °C, 140 °C for 10 min, followed by solvent cleaning to form SAMs of increasing
density and dielectric performance.
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Figure 6.
Characteristic transfer (A) and output curves (B) of top-contact pentacene FET devices
made with an ultra-thin hybrid SAM-oxide dielectric (W = 1000 µm L = 20 µm). PhO-19-
PA SAM formed by spin casting, annealing at 140 °C for 10 min., and solvent cleaning.
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Scheme 1.
Synthetic steps for the molecule of [8-(11-phenoxy-undecyloxy)-octyl]phosphonic acid
(PhO-19-PA).
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Table 2

Summary of pentacene FET device performance utilizing hybrid SAM-oxide dielectric layer. Twenty devices
from two batches were measured, all with W = 1000 µm and L = 20 µm.

μ (cm2V−1s−1)
(High) Avg. ±

St.Dev.

Vt(V) Avg. ±
St.Dev.

S (mV/dec.) Avg.
± St.Dev.

Ion/Ioff
(Range)

(1.1) 0.67 ± 0.24 0.82 ± 0.12 126.6 ± 33.2 1.1×105–1.0×106
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