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Molecules of 12-o-carboranyldodecylphosphonic acid form a novel self-assembled monolayer (SAM) on
alumina, which can effectively tune charge carriers in organic field effect transistors (OFETs) with the
assembled dipoles of o-carborane at the semiconductor—dielectric interface. This SAM has not only
realized p-channel OFETs of pentacene with both low threshold voltage and high field effect mobility
(up to 5.2 cm? V™1 s71), but also enabled ambipolar charge transport in the solution-processed thin films
of a chlorinated tetraazapentacene, which is a typical n-type organic semiconductor. As measured with
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Kelvin probe force microscopy, the SAM of CBPA has a surface electrostatic potential of —0.40 + 0.10 V
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Introduction

Self-assembled monolayers (SAMs) are two-dimensional mole-
cular assemblies of organic molecules forming spontaneously
on a variety of surfaces by chemisorption, which involves a
chemical reaction between the surface and the adsorbed
molecules." Owing to the unique capability of manipulating
surface properties dramatically, SAMs have been developed as a
powerful molecular platform®™ for interface engineering®® of
organic field effect transistors (OFETs), which are basically
interface devices with their performance strongly relying on
the structures and properties of device interfaces. Polar term-
inal groups in a SAM on the dielectric surface of an OFET give
rise to surface dipoles, which provide an electrical field in
addition to the applied gate bias. This additional field is able
to control charge carrier density at the semiconductor-dielec-
tric interface. Since Iwasa’s pioneering study on using the SAM
of fluorinated alkyl silane to accumulate holes in the OFET
conduction channel,” a few polar terminal groups on the
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versus gold, which is in agreement with the observed shift of threshold voltage in the OFETs.

SAM-modified dielectric surface have shown their capability
to control the threshold voltage and turn-on voltage of
OFETs.'* ™ It is worth noting that the polar terminal groups
in a SAM not only result in surface dipoles but also determine
surface energy, which is of key importance to the growth of
organic semiconductor films on the dielectric surface'® either
through vacuum deposition or a solution-based process. In
fact, introduction of polar terminal groups to a SAM-modified
dielectric surface in an OFET to control its threshold voltage
often leads to deterioration of charge transport as a result of
impairing the molecular packing and film morphology of
organic semiconductors.'®'"* SAMs that can effectively con-
trol threshold voltage with a polar terminal group and simulta-
neously achieve high field effect mobility are still rare.

Herein, we report a novel SAM formed by 12-o-carbo-
ranyldodecylphosphonic acid (CBPA as shown in Fig. 1) on
alumina, which has realized a p-channel OFET with both low
threshold voltage and high field effect mobility and enabled
ambipolar charge transport in the OFET of a typical n-type organic
semiconductor. o-Carborane is an icosahedral boron hydride
cluster in which two of the BH vertices are replaced by CH units
giving rise to a dipole moment as large as 4.53 Debye."” Alignment
of the dipoles of o-carborane in a SAM can result in a large surface
dipole for different applications. The SAMs of o-carboranethiols on
gold"®"” and other metal'® surfaces have been reported to control
liquid crystal alignment,' to modulate charge transport across
molecular junctions,” and to adjust the surface work function of
metal.?! On the other hand, the SAMs of o-carborane on non-metal
surfaces remain unexplored, and this work, to the best of our
knowledge, is the first study on the SAMs o-caborane on metal
oxides.

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Molecular structures of phosphonic acids and organic semicon-
ductors for this study. The dipoles of CBPA direct from the positive end to
the negative end.

As shown in Fig. 1, 12-o-carboranyldodecylphosphonic acid
(CBPA) is designed to have phosphonic acid attached to
o-carborane through a long alkyl chain because long-chain phos-
phonic acids are well known to efficiently bind to metal oxides
with stable P-O-M phosphonate bonds resulting in ordered and
densely packed SAMs.>** Due to the large dipole moment of
o-carborane, CBPA has a dipole moment (u) of 4.61 Debye, which
is calculated at the B3LYP level of the density functional theory
(DFT) with the 6-31++G(d,p) basis, and has an effective dipole
moment (ueg) of 3.58 Debye from the phosphonic acid end to the
carborane end along the direction of the carbon chain as shown
in Fig. 1. In comparison to CBPA, organosilanes,” carboxylic
acids’ and phosphonic acids™ that were used for interface
engineering of OFETs with their surface dipoles possess smaller
effective dipole moments in absolute value. For example, the
calculated absolute value of the effective dipole moment is
0.98 Debye for [3-(N,N’-3-dimethylamino)propyl]triethoxysilane®
and 2.27 Debye for pentadecafluoro-octadecylphosphonic acid.*?

In order to study how the SAM of CBPA modulates charge
carriers in OFETs, two organic semiconductors with high field
effect mobility were selected for this study, and the SAM of
12-cyclohexyldodecylphosphonic acid (CDPA in Fig. 1)*® was
used as a reference. One semiconductor is pentacene, a bench-
mark for p-type organic semiconductors, and the other is
2,3,9,10-tetrachloro-6,13-(bis(triisopropylsilyl)ethynyl)-5,7,12,14-
tetraazapentacene (4Cl-TAP),>” which represents solution-
processed n-type organic semiconductors. Moreover, CDPA
has been demonstrated by us to provide an ordered dielectric
surface wettable by common organic solvents for high perfor-
mance p- and n-channel OFETs.”***7*° Detailed below are the
synthesis of CBPA, the characterization of the SAM of CBPA on
alumina, and the effects of the SAM of CBPA on modulating
charge carriers in the OFETs of pentacene and 4CI-TAP.

Results and discussion

CBPA was synthesized from o-carborane (1) as shown in
Scheme 1. Treatment of 1 with one equivalent of n-butyllithium
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Scheme 1 Synthesis of CBPA.
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resulted in 1-lithio-o-carborane,***> which reacted with the added
1,12-dibromododecane giving Br-functionalized carborane 2. The
reaction of 2 with triethyl phosphite afforded diethyl phosphonate
3. The hydrolysis of 3 gave pure CBPA in a low yield (12%) as a
result of loss during the work-up process, which involved for-
mation of emulsion and precipitation from a solution in CH,Cl,
by addition of a poor solvent (hexane). To facilitate fabrication of
OFETs, a thin layer of alumina (AlO,) was deposited on a highly
doped silicon wafer by spin-coating a solution of Al(NOj;); in
ethanol (0.5 mol L") onto the substrate and baking the resulting
film at 300 °C to achieve complete decomposition of nitrate and a
high degree of dehydration.”® After treatment with oxygen plasma,
the AlO,-coated Si wafer was soaked into a solution of CBPA in
isopropanol at room temperature for 12 hours to allow formation
of the SAM. CBPA is a stable compound, and the CBPA-modified
AlO, stored under ambient conditions for months can be used for
fabrication of OFETs without leading to apparent degradation in
device performance.

The CBPA-modified AlO, dielectric was characterized in
terms of surface composition, surface roughness, surface
energy, capacitance, leakage current and surface potential
using a variety of techniques, in comparison with the CDPA-
modified AlO,. The surface composition of the SAM of CBPA
was studied with core level X-ray photoelectron spectroscopy.
The B (1s) spectrum can be fitted with three peaks that have
binding energies of 189.5, 190.3 and 191.6 eV with a ratio of
2:2:1 as shown in Fig. S13a in the ESI,} revealing boron atoms
in three bonding environments. This result is in agreement
with the three types of boron atoms (B*-B, BC-B and C>-B) in
o-carborane, and is similar to those reported for the chemical
vapor deposited films of o-carborane.>*** The C (1s) spectrum
(Fig. S13b, ESI¥) reveals three types of carbon atoms with
binding energies of 284.8, 285.3 and 287.1 eV, which can be
attributed to carbon atoms bonded to boron, carbon and
phosphorus, respectively. With the atomic sensitivity factors
of boron and carbon taken into consideration, the C/B ratio in
the SAM of CBPA is calculated as 1.3, which is in agreement
with the numbers of carbon(14) and boron(10) atoms in the
molecule of CBPA. Atomic force microscopy (AFM) reveals that
the SAM of CBPA has a very smooth surface with a root mean
square roughness (RMS) of 0.09 nm in an area of 4 um?, which
is smaller than that of CDPA (0.18 nm). By measuring the
contact angles of the SAM with two probe liquids (distilled
water and CH,I,),*® the surface energy of the SAM of CBPA is
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determined as 40.7 mN m™ " consisting of a polar component of
3.7 mN m " and a dispersion component of 37.0 mN m™ . In
comparison to CBPA, the SAM of CDPA has a smaller surface
energy (31.6 mN m ') consisting of a polar component of
0.3 mN m~' and a dispersion component of 31.3 mN m™ .
The larger surface energy of CBPA is in agreement with the fact
the o-carboranyl group in CBPA has a much large dipole
moment and more delocalized electrons than the cyclohexyl
group in CDPA. The average capacitance per unit area (C;) of
CBPA-modified AlO, was measured as 147 + 11 nF cm ™2 from a
metal-insulator-metal structure, which had CBPA-AlO, sand-
wiched between electrodes of highly doped silicon and vacuum-
deposited gold, at a frequency of 100 Hz.>***” The value of C;
allowed the OFETSs to be operated with a gate voltage as low as
3 volts.*®

The electrostatic potential (Usay) of CBPA- and CDPA-
modified AlO, was measured with Kelvin probe force micro-
scopy (KPFM). Because KPFM measures the contact-potential
difference between the surface and the probe tip,**™*' quanti-
tative determination of the electrostatic potential independent
of tip requires using a surface reference, which was gold in this
study. Fig. 2a shows the representative AFM topography, KPFM
electrostatic potential map and a line scan of the SAM of CBPA,
and Fig. 2b shows those of the SAM of CDPA for comparison. As
measured from 40 line scans at different areas on three SAMs,
the electrostatic potential of the SAM of CBPA is determined as
—0.40 £ 0.10 V versus gold, and that of CDPA is determined as
0.17 £ 0.14 V versus gold. The opposite signs of the electrostatic
potentials of the two SAMs are in agreement with the calculated
effective dipole moments of CBPA (3.58 Debye) and CDPA
(—0.65 Debye) along the direction of their carbon chain.

Unlike the known SAMs of fluorinated alkylphosphonic
acids having poor wettability toward many organic solvents,""
the SAM of CBPA is wettable by common organic solvents and
thus suitable for solution-based process. To fabricate OFETS,
films of pentacene and 4CIl-TAP were vacuum-deposited and
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Fig. 2 Representative AFM topography image, KPFM electrostatic
potential map and line scan (along the white line in the potential map)
for the SAMs of CBPA (a) and CDPA (b).
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dip-coated, respectively, onto the CBPA- and CDPA-modified
AlO, as detailed in the ESI,+ and gold was thermally evaporated
in vacuum onto the organic semiconductor films to form top-
contact drain and source electrodes. The films of pentacene on
CBPA exhibited four X-ray diffraction (XRD) peaks (Fig. S16,
ESI), which correspond to a thin film polymorph of pentacene
with interlayer spacing d(001) of 15.6 A.*? In contrast, the films
of pentacene on CDPA exhibited two sets of XRD peaks, which
correspond to two thin film polymorphs of pentacene with
interlayer spacing d(001) of 15.6 A and 14.6 A, respectively. AFM
revealed that the vacuum-deposited films of pentacene on
CBPA and CDPA consisting of grains with distinct terraces as
shown in Fig. 3. The grains in the films on CBPA, with a size
over 2 pm, are larger than those in the films on CDPA
presumably because the SAM of CBPA with higher surface
energy favors two-dimensional, or layer-by-layer growth.****
The dip-coated films of 4Cl-TAP on CBPA and CDPA exhibited
similar XRD peaks, which are in accordance with the single
crystal structure of 4CI-TAP?” and suggest edge-on orientation
of 4CI-TAP molecules on the dielectric surface. AFM revealed
that the dip-coated films of 4CI-TAP on CBPA and CDPA
consisting of flat ribbons (Fig. 3). The ribbons of 4Cl-TAP on
CBPA are more than 15 um wide while those on CDPA are about
2 um wide, likely as a result of the larger surface energy of the
SAM of CBPA.”® The AFM section analysis (Fig. $17 in the ESI)
showed that the ribbons of 4CI-TAP on CBPA are 34 to 38 nm
thick, while the section analysis may not reflect the real
thickness of the ribbons of 4CI-TAP on CDPA because the gap
between ribbons is not clear.

Pentacene on CBPA

Pentacene on CDPA

4CI-TAP on CBPA 4CI-TAP on CDPA

Fig. 3 AFM images of pentacene films vacuum-deposited on CBPA- and
CDPA-modified AlO,substrates and 4CI-TAP films dip-coated on
CBPA- and CDPA-modified AlO,.

This journal is © The Royal Society of Chemistry 2022
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The films of pentacene on the SAMs of CBPA and CDPA both
behaved as p-channel transistors. Fig. 4 shows the transfer I-V
curves measured in air from the best performing transistors of
pentacene on CBPA- and CDPA-modified AlO,, respectively. The
field effect mobility in the saturation regime was extracted from
these curves using the equation: Ing = (uWCi/2L)(Vas — Vin)
where Ipg is the drain current, u is field effect mobility, C; is the
capacitance per unit area for the SAM-modified AlO,, W is
the channel width, L is the channel length, and Vs and Vi,
are the gate and threshold voltage, respectively. As summarized
in Table 1, the OFETs of pentacene on CBPA and CDPA
exhibited similar field effect mobilities but very different
threshold voltage. The similar mobilities indicate that the
different film crystallinities and morphologies on the two SAMs
are not the limiting factors for charge transport. The threshold
voltage apparently shifts from —0.10 + 0.22 V to —1.62 + 0.23 V
when CBPA is replaced by CDPA in the transistors, in agree-
ment with the significant difference between the effective
dipole moments of CBPA (3.58 Debye) and CDPA (—0.65 Debye)
along the direction of their carbon chain. In comparison to the
OFETs of pentacene on the CBPA and CDPA-modified AlO,,
those on bare AlOx exhibited lower field effect mobility of
0.98 + 0.64 cm® V' s~ " and a threshold voltage of —1.73 + 0.39 V
as shown in Fig. S20 and Table S3 in the ESL#
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Fig. 4 (a) Transfer /-V curves for the OFET of pentacene on CBPA with
the highest field effect mobility; (b) transfer /-V curves for the OFET of
pentacene on CDPA with the highest field effect mobility; (c) distribution of
threshold voltage values for the OFETs of pentacene on CBPA- and
CDPA-modified AlO, the white rhombus indicates the average value and
the black bar indicates the interquatile range of the data.
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Table1l Field-effect mobilities (uret) and threshold voltages (Vy,) of OFETs
fabricated on CBPA- and CDPA-modified AlO,?

prer (em? v tsTh

Average Highest Vi, (V)
Pentacene’ CBPA 2.3+£09 5.2 —0.10 £ 0.22
CDPA 2.3 £1.0 4.4 —1.62 £+ 0.23
4CI-TAP CBPA (p)*  0.20 + 0.10 0.50 —2.95 + 0.40
CBPA (n)° 0.90 £+ 0.47 1.6 2.76 £ 0.45
CDPA (n)® 7.4 +2.8 13.9 1.17 £ 0.24

“ Each average value for CBPA was obtained from at least 50 channels
on 9 independent substrates, and each value for CDPA was obtained
from at least 30 channels on 6 independent substrates. ” Tested in air.
¢ Tested in vacuum. ¢ p-Channel performance. ¢ n-Channel performance.

Interestingly, the transistors of 4CI-TAP on CBPA exhibited
ambipolar charge transport although 4CI-TAP is a typical n-type
organic semiconductor. Fig. 5 shows the transfer I-V curves of
the best performing OFET of 4CI-TAP on CBPA with a drain
voltage of —5.0 V and 5.0 V, respectively. The field effect
mobility extracted from these I-V curves is 0.50 cm® V' s7*
for holes and 1.5 cm?® V™! s7! for electrons. In contrast, the
films of 4CI-TAP on CDPA behaved as n-channel transistors
with field effect mobility of up to 13.9 cm® V' s, but did not
show any p-channel field effect. To the best of knowledge, CBPA
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Fig. 5 (a) Transfer [-V curves for the best performing OFET of 4CI-TAP on
CBPA with a drain voltage of —5.0 V for p-channel; (b) transfer /-V curves
for the same OFET with a drain voltage of 5.0 V for n-channel;
(c) distribution of threshold voltage values for the n-channel OFETs of
4C|-TAP on CBPA- and CDPA-modified AlO, (the white rhombus indicates
the average value and the black bar indicates the interquatile range of the
data).
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Table 2 Surface potential (Usam), capacitance per unit area (Ciora and
Csam) and gate potential induced by the SAM (Vsam) for the SAMs of CBPA
and CDPA

Ctotalb CSAMC d
SAM Usam® (V) (nFem™)  (nF cm ?) Voam® (V)
CBPA  —0.40+0.10 147 £ 11 783 £395  —2.13 £1.21
CDPA 0.17 £ 0.14 143 + 12 681 + 329 0.81 + 0.78

“ Relative to gold as measured by KPFM. ® Measured from 36 and 48
independent metal-insulator-metal devices for CBPA and CDPA,
respectively. © Calculated on the basis of 1/Csym = 1/Crotal — 1/Caton-
4 calculated from Vian = CsanUsam/Crotal-

is the first SAM that enables ambipolar charge transport in a
typical n-type small-molecule organic semiconductor although
hydroxyl-free polymer dielectrics are well known to allow ambi-
polar charge transport in conjugated polymers in OFETs.*® As
shown in Table 1, the threshold voltage of the n-channel OFETs
of 4CI-TAP shifts from 1.17 £ 0.24 V to 2.76 £ 0.45 V when
CDPA is replaced by CBPA in the transistors. Both the direction
and absolution value of this shift are in agreement with the
threshold voltage shift for the OFETs of pentacene on CBPA and
CDPA. The hole transport in the transistors of 4CI-TAP on CBPA
indicates that the surface dipole of the SAM of CBPA not only
induces an extra gate bias but also helps to stabilize mobile
holes in the active channel of transistor by electrostatic attrac-
tions. On the other hand, the surface dipole of CBPA impairs
transport of electrons in the active channel by electrostatic
repulsions. As a result, the field effect mobility of the transis-
tors of 4CI-TAP on CBPA is lower than that on CDPA by about
one order of magnitude although the films on CBPA exhibit
even better morphology than those on CDPA. It should also be
noted that the field effect mobility of the transistors of 4Cl-TAP
on CDPA herein is lower than that reported by us earlier””
presumably because the dielectric oxides and operation vol-
tages are different. Moreover, the transfer I-V curves of the
transistors of 4Cl-TAP on CDPA in this study (shown in
Fig. S18e in the ESI¥) exhibited nearly ideal linear relationship
between the square root of drain current and the gate voltage,
while the transfer I-V curves of 4CI-TAP as reported earlier
exhibited deviation from the ideal straight line at higher gate
bias by bending downward. Further study on the transistors of
4CI-TAP fabricated on different dielectric surfaces is in progress
in our laboratory.

To better understand the influence of the surface electrostatic
potential on the threshold voltage shift, the threshold voltage shift
was calculated on the basis of electrostatic measurements'' and
compared with the experimental value measured from the OFETs.
The gate potential induced by the SAM (Vsay) can be calculated
from Vsam = CsamUsam/Croal 7 Here, Usay is the electrostatic
potential of the SAM, which was measured by KPFM as the surface
potential relative to gold, Csawm is the capacitance per unit area of
the SAM, Cioq is the total capacitance per unit area of the SAM-
modified AlO,.*” Due to difficulties in direct measurement of the
capacitance of a monolayer of molecules, Csyyy Was determined
from Cy and the capacitance per unit of AlO, (Cyox) On the
basis of 1/Ciptal = 1/Catox + 1/Csam- The measured values of Ugam
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and Ciya for CBPA-AlO, and CDPA-AlO, are summarized in
Table 2, and the measured value of Cajoy is 181 & 13 nF cm ™2
On the basis of the above two equations, Vsay is calculated as
—2.13 &+ 1.21 V for CBPA and 0.81 4 0.78 V for CDPA. As a result,
the difference between the threshold voltages of the
OFETs fabricated on the two SAMSs is calculated as AVy, =
—(Vegpa — Veppa) = 2.94 + 1.44 V, which is in agreement
with the experimentally measured threshold voltage shifts,
1.51 £ 0.32 V for the p-channel transistors of pentacene and

1.59 + 0.53 V for the n-channel transistors of 4CI-TAP.

Conclusions

In conclusion, the assembled dipoles of o-carborane in the SAM
of CBPA on gate oxide allow effective tuning of charge carriers
in OFETs. The SAM of CBPA has not only reduced the threshold
voltage of the p-channel OFET of pentacene without sacrificing
its high field effect mobility (up to 5.2 cm® V™' s7'), but also
enabled ambipolar charge transport in the solution-processed
films of 4CI-TAP, a typical n-type organic semiconductor. The
observed shift of threshold voltage in the OFETSs is in agree-
ment with the surface electrostatic potential measured by
KPFM. This study demonstrates a new application of
o-carborane for organic electronic devices. Unlike grafting
electron-withdrawing o-carborane to an organic semiconductor
molecule with covalent bonds to facilitate electron transport by
lowering its LUMO energy level,*® the SAM of o-carborane at the
semiconductor-dielectric interface accumulates holes in the
conduction channel with high efficiency.
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