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A new type of potential organic nanodielectric was
constructed by only 16-mercaptohexadecanoic (16-MHDA)
self-assembled monolayers (SAMSs). The tunneling effect
through the mono- and multilayered 16-MHDA was
explained with the Simmons tunneling model by measuring a
metal-molecule-metal (M-M-M) sandwich device.

The term “nanodielectrics” refers to the entities, such as gate
dielectrics,®* memory devices,* energy storages,” and embedded
capacitors,® usually comprised of dielectric materials at a nanoscale
level.*? The dielectric materials have therefore experienced a spur of
activity to take advantage of their low dielectric loss and high dielectric
constant (high-k) for different potential applications So far, many
traditional inorganic and organic materials have been widely researched
for decades, still, the limitations of their chemical or physical nature
remain for the realistic applications in the nanodielectrics. For instance,
the inorganic metal oxides such as ZrQO,’ ZnO® and HfO,°, have
numerous hydroxyl groups that are presented on the metal oxide surface
of the high-k dielectrics in ambient environments. The interaction
between these hydroxyl groups and the water molecules induces the
moisture adsorption, resulting in the hysteresis-causing charge traps
(which, except in memory devices, are not undesirable,) and the carrier
mobility fading of the semiconductors.’® ** In sharp contrast, organic
dielectrics, such as poly(vinyl acetate) (PVAc)', poly(methyl
methcarylate) (PMMA)®, etc., have a high dielectric strength and can
be easily fabricated onto the rough surfaces or a flexible substrate under
relativity low temperatures of 200°C during the solution process. This
polymer layer fabrication process can be used to either top electrode or
bottom electrode in the device. However, not many successful
applications of the gate dielectrics by using polymer with the thickness
in the nanometer scale have been reported to date because the making
of a pinhole-free polymer and ultrathin dielectric layer with a thickness
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of less than 100 nm is impossible and, the dielectric constant is

relatively low."
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Scheme 1 Schematic formation route for the molecular junction.

As a consequence, the molecular dielectrics that are prepared by
using the self-assembled method to make ultrathin gate dielectrics
should be a good option for the modern nanoelectronics.”® The ideal
molecular devices are challenging to be uniform and stable in ambient
conditions, and to give a long lifetime particularly, when a well-
controlled metal-molecule interface is needed to make a reproducible
molecular device.”?® Alkylsilanes have been widely studied as
promising materials for formatting the dielectric layer.>* However, the
synthesis of the silane SAMs usually requires strict and harsh
conditions that require the reactions to be operated in a glove box. To
address these issues, alkanethiols as a good candidate can form a
uniform and well-ordered layer on the Au surfaces under mild
conditions.? % This kind of molecule has a large energy gap (8-10 eV)

J. Name., 2012, 00, 1-3 | 1



RSC Advances

between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LOMO),? thereby providing a
good characteristic of the insularity property for the dielectric
application. Many studies have discussed the electronic transport
characteristics through molecules of alkanethiols (C8, C10, C12, C16
etc.).2*® However, until now, people are only focusing on a system
using a monolayer, which is too thin to obtain an unavoidable tunneling
effect.®

Herein, a kind of alkanethiol, 16-MHDA, was used to make the
SAMs with several thicknesses which were dependent on the variation
of the number of layers on the gold wafer (Scheme 1). To the best of
our knowledge, this is the first reported time to construct a simple
alkanethiol molecule for the nanodielectrics with a facile and
convenient fabrication process. The current densities are obtained from
the working M-M-M junction devices, and the tunneling transport
through SAMs is explained by the Simmons tunneling model.

To study the electrochemical character of the molecule layer, a
metal-molecule-metal (M-M-M) junction was widely used.* During the
process of making the sandwich junction structure, the top metal
electrodes were commonly deposited on the top of the molecular layer
with a direct vapor-deposited method such as e-beam lithography.
Unfortunately, the filamentary pathways of the metal atoms would be
formed through the molecular monolayer during deposition of the top
electrodes of the SAMs, especially at the place of the pinhole defect
sites in the SAMs,* thereby causing electrical shorts. Research by
Takhee Lee et al.? showed that evaporation of the top Au electrodes on
the SAM structure caused electric shorts or open circuits, along with a
typical yield of only ~1.2% of working devices (156 working devices
out of 13440 devices fabricated). To avoid this kind of phenomenon, a
conducting interlayer is needed to protect the SAMs from electric
shorts.® Here, we utilized poly(3,4-ethylenedioxythiophene) with
poly(4-styrenesulfonic acid) (PEDOT:PSS), a widely used conducting
polymer (30 S cm™)® as the protection layer between the metal
electrodes and the SAMs in the M-M-M junctions. The terminal group
of the 16-MHDA molecule is a hydrophilic carboxyl group. Therefore,
the PEDOT:PSS layer was spin-coated on the SAMs and formed a
dense and uniform layer that decreased the occurrence of pinholes with
the hydrophilic — hydrophilic interaction effect.*®

This nanodielectric was made through a self-assembled method,
and the formation process was described in the electronic
supplementary information (ESI). As we know, to make a
nanodielectric SAM, close covering the substrate by the SAMs was the
key point, and then the assembled molecules were required to grow in
an accordant direction. To first confirm the formation of the 16-MHDA
SAM on the Au substrate, the most effective method is to characterize
the electric property of the SAM-modified substrate. The CV was
performed to measure the general formation state of the 16-MHDA
SAM on the gold in the potassium hexacyanoferrate (111) (Ks;Fe(CN)g)
and potassium chloride (KCI) solution (Fig. 1). Here, a bare gold wafer
and a 16-MHDA SAM on gold wafer were set up as the working
electrodes separately. A pair of perfect oxidation/reduction peaks of
KsFe(CN)s were present in the cyclic voltammogram by using the bare
gold as the working electrode. Different from the bare substrate, in the
KsFe(CN)s redox region, the peaks disappeared after we made the SAM
on the gold wafer as a working electrode, indicating that the gold
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surface was passivated with the non-electroactivity material when the
SAM was successfully built up.
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Fig. 1 CV Curves of the bare gold wafer (black) and the monolayer of 16-
MHDA on a gold wafer separately in 2mM KsFe(CN)s and 0.1M KCI
solution using Pt as the counter electrode and Ag/AgCI(KCl sat’d) as the
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Fig. 2 Comparison of FT-IR of different layers of the 16-MHDA SAMs. (a)
was the FT-IR of the C-H stretching modes. (b) and (c) correspond to the
absorbances.

FT-IR spectrum was not only used to prove the presence of the
molecules on the surface, but also used to evaluate the SAMs’ structure.
The C-H stretching mode spectrum in Fig. 2a showed the
antisymmetric and symmetric C-H stretch modes at 2919 and 2850 cm™,
respectively.* The C-H stretching region appeared at identical
frequencies (2919, 2850 cm™), and the absorbances increased linearly
with the increasing layer number of SAMs (Fig. 2b and c). These
phenomena suggested nearly ordered and identical alkyl chains were
orientated and that no disordered layer-by-layer structure of 16-MHDA
occurred even if the layer number reached 8. The interfacial bonding
was examined by XPS, which illustrated that the Au-SH, S-Cu*, and S-
S were formatted, respectively, at 161.940.1, 162.440.1, 163.5eV
separately. (See ESI Fig. s1)

AFM was used to ascertain the thickness of 8 layers of the 16-
MHDA on the gold substrate. The multilayer thickness was checked by
the height difference profile between the local SAMs and the revealed
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gold surface. A cooled piranha solution was used to remove the local
region of the preexisting SAMs. Since the length of the 16-MHDA
molecule was about 2 nm, the theoretical height of 8 layers of 16-
MHDA was about 16 nm. Fig. 3 showed the height difference between
the top of the eight layers SAMs and the Au surface (SAMs removed
region) was 15.840.51nm, which was consistent with the theoretical
calculation.
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Fig. 3 Comparison of the morphology and the locally removed regions of the
8 layers 16-MHDA SAMs on Au for a 20um>20um scan area. 2D (Up) and
3D (Down) image and the corresponding cursor profile across the preexisting

monolayers and removed regions by using a piranha solution
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Fig. 4 16-MHDA layer thickness-dependence measurements of the M-M-M
junction. (a) J-V data for the different layer thicknesses (1 to 8 layers) on Au
wafer. (b) A semi-log of J at different biases of V (-1.0V to 1.0V) versus the
number of layers (1 to 8layers) in the devices.

Fig. 4a shows the J-V characteristics of the 16-MHDA SAMs
junctions on the gold substrate. The current was determined by the
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alkane length in the M-M-M junction, and the relationship between
them was explained usually by the tunneling model.*® The tunneling
effect could be used to explain the electron shuttle in the dielectric
material with several-nanometer thickness between two electrodes.
Here, an interesting phenomenon was observed in our work.
Remarkably, the current density J was dramatically dependent on the
number of the layers up to 6. By increasing the layers number, the
current density decreased exponentially. Therefore, the results
demonstrated that the nonresonant tunneling was the main mechanism
for electron transport when the number of 16-MHDA layers was less
than 6 (the thickness of SAMs was less than ~12nm). The tunneling
effect can be further explained by using the Simmons equation.*

| (0= D) e (-2 (- ) ) -

(0+%) e exp (— —2‘“2;”)1/2 a(o+ %)1/2>} )

J=

Where m is the electron mass; s is the barrier width; @ is the barrier
height; v is the applied bias; and a is a unitless adjustable parameter. At
a low-bias regime (or ohmic region), the current density will decrease
with an increasing barrier width and can be approximated as:

N (ZmnD)l/ZeZa
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Where B, is the overall decay coefficient at low barrier regime. The
tunneling current density J shows an exponential decrease as a function
of the barrier width [J =< exp(—f, d)]. Here, B, can be obtained from
the slope of the linear fitting at a different bias (from 0.1V to 1.0V) in
Fig. 4b. In our work, the slope average value was 0.92A™, which was in
agreement with the previously reported values for the long chain alkyl
thiol compounds.® However, when the number of layers increased
above 6, the current density stayed almost constant (Fig. 4a). The
reason for this observation was that the direct tunneling effect depended
on the width of the barrier between the two electrodes and which was
well-defined in several nanometers device. On the contrary, if the
barrier width was long enough, the tunneling effect would vanish. As
expected, the tunneling effect was not presented when the more than 6
layers of the 16-MHDA molecules were assembled. Since the Cu* ions
were presented as a layer linker in the layers of the 16-MHDA,* they
stayed in an immobilization state by being tightly chelated with the
carboxyl group of the 16-MHDA which could not affect the dielectric
behaviour.

Fig. 5 describes the relationship between capacitance and voltage,
which was carried out on M-M-M type devices at high frequency (10°-
10° Hz). The C-f plots revealed maximum capacitances as follows. For
6 layers, Craxs Was 251 nFecm™ at 10° Hz with slight all-off about 14%
at the higher frequency of 10° Hz. For 7 layers, Cpax.7 Was 222 nFscm™
at 10° Hz with slight all-off about 11% at the higher frequency of 10°
Hz, and for 8 layers, the Cpa.s Was 195 nFscm? at 10° Hz with slight
all-off about 11%at the higher frequency of 10° Hz (Cmax.7 and Craxs
were shown in Fig. s2).
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Fig. 5 Frequency (f) dependence of the capacitance (C) at 1 V between 10°Hz
and 10°Hz for 6-layers 16-MHDA

The capacitance decreased as the applied frequency increased.
This phenomenon of the capacitance variation may be due to the
formation of charges at the interface. These charges strongly affected
the alternating current signal (ac signal) at lower frequency. So, the
capacitance showed a decrease toward high frequencies.®

Conclusions

In summary, we have successfully constructed an organic
nanodielectric of the 16-MHDA SAMs on a gold wafer, which could be
potentially used in modern nanoelectronics. From the characterization
of the CV, FT-IR, XPS, and AFM, the SAM layers were densely
packed, and as demonstrated, the layer-by-layer structures of the 16-
MHDA were well ordered when we increased the layer numbers from
one to eight. The charge transfer characteristics of the self-assembled
16-MHDA mono- and multilayers were examined by using the M-M-M
junction devices and explained with the Simmons tunneling model. The
six layers 16-MHDA with about a 12nm thickness was the critical
barrier width for avoiding the tunneling effect, which was found in this
work by testing the relationship between the current and the voltage in
J-V characterization. Furthermore, a study of the C-f demonstrated
great capacities for this type of SAMs. Our work will enhance the
understanding of making nanodielectrics with long chained alkanethiol
molecules by a self-assembled method and develop more applications
in the nanometer electronic applications.
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A new type nanodielectric was constructed, using only 16-mercaptohexadecanoic (16-MHDA)
self-assembled monolayers.



