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Small molecule and polymeric dielectric thin films with large
permittivities (k) have recently found applications in organic field
effect transistors (OFETs), where replacing the traditional SiO, gate
dielectric with high capacitance materials enables lower operating
voltages, reduced power consumption, and improved performance.’
The gate dielectric capacitance C; in an OFET can be described by
a parallel plate capacitor, where C; = €,k/d (d = the thickness, and
€, = the permittivity of vacuum). To achieve large capacitances, it
is necessary to reduce the thickness and/or increase the dielectric
film permittivity. This approach offers an intriguing materials
challenge not only because small molecule and polymeric materials
with large permittivities (i.e., m-conjugated) are usually poor
insulators but also because as the insulator film thickness is reduced,
concurrent leakage current increases can degrade OFET perfor-
mance.”

Dielectric materials composed of molecular components are ideal
candidates for OFETs because small molecules have nanometer
length scales, tunable electronic structures, processability on flexible
substrates, and are compatible with organic semiconductors.’?
Previously, we demonstrated the application of molecular self-
assembled nanodielectrics (SANDs) as gate dielectrics. SAND films
are fabricated via a layer-by-layer solution phase self-assembly of
o— organosilane precursors to yield hybrid organic—inorganic
multilayers.* Here the highly polarizable 7-conjugated component
is a stilbazolium group (Stb). An interesting question is whether
similar hybrid films based on highly sz-polarizable components can
be fabricated from the vapor phase in a “dry” process that does
not involve multistep “wet” organosilane self-assembly. In this
contribution, we demonstrate that SAND-like organic—inorganic
films for OFET gate dielectrics can be fabricated entirely via vapor-
phase processing (v-SAND). Pentacene OFETs based on v-SANDs
exhibit excellent performance at low operating voltages, demon-
strating a new approach to high-k organic gate dielectrics.

New v-SAND m-conjugated building blocks 1 and 2 were
designed to form robust self-ordered thin films via head-to-tail
intramolecular hydrogen-bonding (Figure 1A). In addition, the
m-conjugated organic donor—acceptor functionalities should en-
hance the electronic polarizability needed to achieve a high-k bulk
layer. The molecular geometries of 1 and 2 were optimized using
DFT/B3LYP density functional theory and a 6-31G** basis set in
Jaguar v5.00.22 using the Maestro Molecular Modeling Interface
¢5.10.20. Molecular polarizabilities in the z-direction (., parallel
to the molecular long axis, Figure 1A) were calculated using
INDO(SOS).> The computed polarizabilities of 1 (176 x 10~*
cm?) and 2 (70.2 x 1072* cm?) are, respectively, larger than and
comparable to that of Stb in SAND (91.3 x 10 ?* cm?®). Classic
dielectric theory relates molecular polarizability to bulk dielectric
permittivity through the Clausius—Mossotti relationship, & U (3 +
20.N)/(3 — a,N) where N is the molecular density (molecules/
cm?).® Accordingly, it is expected that the larger polarizabilities
of 1 and 2 and the greater molecular densities afforded by vapor
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Figure 1. (A) Chemical structures of 1 and 2, and (B) OFET device
fabrication: (i) vapor deposition of 1 or 2, (ii) exposure of F1 or F2 to
Cl3Si—O—SiCl; vapors, completing the v-SAND structure, (iii) vapor
deposition of pentacene (50 nm), and (iv) vapor deposition of Au electrodes
through a shadow mask to complete the OFET device.
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Figure 2. (A) Leakage current density versus voltage plots for F1 (red
dotted line), F2 (blue dotted line), F1-cap (red solid line), and F2-cap (blue
solid line) films. (B) Capacitance versus voltage plots for F1-cap (red) and
F2-cap (blue) films. Inset (top): AFM image of F1 on Si. Inset (bottom):
AFM image of F1-cap. The scale bar is 2 um.

phase versus solution-deposited film growth techniques should
translate into higher k’s.”

Compounds 1 and 2 were synthesized following procedures
reported in Supporting Information and were characterized by
conventional analytical/spectroscopic techniques. v-SAND films are
fabricated according to the scheme in Figure 1B and are composed
of a bottom layer of either 1 or 2 and capped with a top SiO,
“capping layer.” Films of 1 and 2 (F1 and F2, respectively) were
vapor-deposited at a rate of 0.2 A/s onto solvent-cleaned® heavily
doped n*-Si substrates at 10~° Torr. To deposit the SiO, capping
layer, F1 and F2 were exposed to hexachlorodisiloxane
(C13Si—0—SiCl3) vapors under N, for 20 min and then annealed
under vacuum (20 Torr) at 110 °C to afford F1-cap and F2-cap,
respectively (see Figure S1 for the apparatus). AFM images (Figures
2 and S2) of the uncapped and capped films demonstrate smooth
surface morphologies (maximum rms roughness ~ 0.5 nm) that is
important for optimal OFET performance.’ Optical spectra of the
films on glass before and after SiO, deposition (Figure S3) exhibit
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Figure 3. Transfer (A and D) and output (B and E) plots for pentacene
OFETs based on v-SANDs of F1-cap (top) and F2-cap (bottom). AFM
images and XRD spectra of the corresponding 50 nm thick pentacene films
grown on F1-cap (C) and F2-cap (F).

only minor differences, arguing that the capping reagent does not
react with the underlying F1 or F2 molecular layer but is simply
deposited on top.

To assess v-SAND dielectric properties, metal —insulator—semi-
conductor devices were fabricated by depositing Au electrodes (200
x 200 um?) on both the all-organic F1 and F2 films as well as on
the organic—inorganic F1-cap and F2-cap films. As in the case of
solution processed SANDs,** a substantial leakage current density
(Jiea) reduction is observed (10—1072 — 107°—10"7 A/cm? at 2
V) after capping layer deposition (F1, F2 — F1-cap, F2-cap). The
suppressed leakage current indicates that the capping material
functions as an efficient electron tunneling barrier."°

Because of the large F1 and F2 Ji values, meaningful
capacitances are only measurable for F1-cap and F2-cap and are
found to be ~400 nF/cm? at 2 V (Figure 2). Permittivities of the
v-SAND organic components can be estimated by modeling F1-
cap and F2-cap dielectric layers as three parallel plate capacitors
in series (Si native oxide + F1 or F2 + SiO,). The capping layer
thickness is ~5.9 nm, and the organic layer thicknesses are ~3.6
nm (by X-ray reflectivity, Figure S4). Using the accumulation
regime capacitances of F1-cap (400 nF/cm?) and F2-cap (390 nF/
cm?), k values of ~11 and ~9 are estimated for F1 and F2,
reSPeCtiVely (dnative oxide — 1.5 nm, and knalive oxide — kcapping layer =
3.9). The larger k of F1 versus that of F2 is anticipated by the
INDO(SOS) computation of the molecular o, values in the context
of the aforementioned Clausius—Mossotti equation and can be
explained by the greater acidity of 1, which enhances the molecular
zwitterionic character upon intermolecular hydrogen bonding.

Given the excellent v-SAND dielectric properties, bottom-gate top-
contact OFETs were fabricated by vapor deposition of pentacene on
the v-SAND films, and the /—V characteristics were analyzed by
standard procedures.!' Using the above capacitances and channel
dimensions (L = 200 um and W = 5000 um), these OFETSs exhibit
excellent performance with hole mobilities of 1.9 £ 0.3 and 2.4 +
0.3 cm?/V s for the F1-cap and F2-cap based devices, respectively,
Iw/Ioie ~ 10°, and Vi ~1 V. Note that [—V output plots at each gate
voltage intersect at the origin, indicating very low gate leakage during
device operation (Figure 3). OFETs tested after 4 months from
fabrication exhibit small performance erosion with x’s decreased by
~10 and ~30% for the devices based on F2-cap and F1-cap,
respectively (see Figure S6). These results demonstrate that vapor-
phase deposition can profitably utilize and probe the dielectric response
properties of high-k molecular layers without compromising the
insulating properties of the resulting hybrid films and, furthermore,

have larger mobilities at lower operating voltages than OFETs with
pentacene fabricated on 300 nm SiO, (Figure S5). To understand the
origin of the large carrier mobilities, AFM images and XRD spectra
of the pentacene films on top of v-SANDs were acquired (Figure 3).
Very large pentacene crystal grains (~2—3 um) are observed by AFM,
which are comparable to or larger than those in other high-mobility
OFETs."? In addition, the XRD spectra demonstrate highly textured
pentacene films having the thin film phase crystal structure (d spacing
= 15.4 A on both v-SANDs)."?

In summary, we have demonstrated a straight forward, vapor-
phase approach for fabricating self-assembled nanodielectrics (v-
SANDs) exhibiting substantial capacitances and excellent insulating
properties. Pentacene OFETs based on F1-cap and F2-cap exhibit
very large mobilities.
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