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Redox-Induced Asymmetric Electrical Characteristics of
Ferrocene-Alkanethiolate Molecular Devices on Rigid and

Flexible Substrates

Hyunhak Jeong, Dongku Kim, Gunuk Wang, Sungjun Park, Hanki Lee,
Kyungjune Cho, Wang-Taek Hwang, Myung-Han Yoon, Yun Hee Jang,
Hyunwook Song, Dong Xiang,* and Takhee Lee*

The electrical properties of ferrocene-alkanethiolate self-assembled mono-
layers (SAMs) on a high yield solid-state device structure are investigated.
The devices are fabricated using a conductive polymer interlayer between the
top electrode and the SAM on both silicon-based rigid substrates and plastic-
based flexible substrates. Asymmetric electrical transport characteristics that
originate from the ferrocene moieties are observed. In particular, a distinctive
temperature dependence of the current (i.e., a decrease in current density

as temperature increases) at a large reverse bias, which is associated with
the redox reaction of ferrocene groups in the molecular junction, is found. It
is further demonstrated that the molecular devices can function on flexible
substrates under various mechanical stress configurations with consistent
electrical characteristics. This study enhances the understanding of asym-
metric molecules and may lead to the development of functional molecular

electronic devices on both rigid and flexible substrates.

1. Introduction

The study of molecular electronic devices that utilize single
molecules or molecular monolayers as active electronic chan-
nels is important in understanding the electronic transport
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properties of molecules and developing
miniaturized  electronic  devices for
real-world  applications.!=3l  Significant
progress has been made towards under-
standing the charge transport characteris-
tics of various molecular systems,*7) and
molecular junctions displaying unique
electrical properties have been investi-
gated for use in a wide range of applica-
tions including diodes, switches, memory,
and transistors.[*'* However, many chal-
lenges remain in making molecular elec-
tronics a viable technology.

A primary obstacle in the development
of molecular electronics is the lack of an
accurate understanding of molecular reac-
tions in the active electronic channels. For
example, recently various types of molec-
ular reactions such as change of chemical
bonding, redox process, photo- or charge-
induced conformational change, phase transition in molecular
electronic devices have been widely investigated in order to
enlarge the knowledge of intrinsic molecular properties.['215-21]
However, these kinds of molecular reactions in molecular
electronic devices are subjects still under debate due to a dif-
ficulty of precise characterizations. The absence of reliable and
high-yield device platforms for testing molecular junctions that
exhibit the unique and intrinsic functional properties of their
component molecules is also one of the most common issues.
In this context, various reliable and high-yield device platforms
which utilize various types of materials such as graphene,
PEDOT:PSS ((poly-(3,4-ethylenedioxythiophene) stabilized with
poly-(4-styrenesulfonic acid)) are proposed and investigated
even under unconventional environments.?%-%%!

Here, we report the distinctive electrical characteristics of
molecular junctions composed of ferrocene-alkanethiolate func-
tional molecules as a solid-state device structure. The devices
were fabricated using the conductive polymer PEDOT:PSS
as a conducting interlayer electrode.'22223] Interestingly, we
observed a distinctive temperature dependence of the junction
current density; that is, the current decreased with increasing
temperature at temperatures with a threshold bias voltage
upon an applied bias polarity. This is in contrast to the typical
behavior for thermally activated charge transport, in which
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current increases with increasing temperature. We propose that
this unique behavior can be attributed to the redox process of
ferrocene groups in the molecular junctions. In addition, we
demonstrated that the working molecular devices could be
fabricated on flexible substrates as well, exhibiting consistent
conduction properties as rigid substrates even under severely
bent conditions. This study suggests the understanding of
the intrinsic molecular reactions is important when we apply
functional molecules to molecular and organic electronic
devices. Furthermore this study will lead to the further devel-
opment of functional molecular electronic devices with flexible
configurations.

2. Results and Discussion

Figure 1a depicts a schematic of the fabrication procedure for
the molecular devices developed in this study. First, the bottom
electrode was prepared by photolithography. A film of Au
(50 nm) and Cr (10 nm) was deposited using an e-beam evapo-
rator at a slow deposition rate of =0.1 A s7! to obtain a smooth
electrode surface. The root mean square (RMS) roughness of
the Au electrode surface was determined to be =0.19 nm using
atomic force microscopy (AFM) images with a scan size of
1 um x 1 um (Figure S3 in the Supporting Information). Fol-
lowing film formation, self-assembled monolayers (SAMs)
composed of an alkanethiol with a terminal ferrocene moiety
were allowed to assemble on the film surface. Three molecules
were used in this study: 6-ferrocenyl-1-hexanethiol (FcC6), 8-fer-
rocenyl-1-octanethiol (FcC8), and 11-ferrocenyl-1-undecanethiol
(FcC11). The chemical structures of the molecules are shown
in Figure 1c. The molecules varied in length depending on the
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number of alkyl chains present ((CH,)N, where N = 6, 8, and
11; FcC6 and FcCl11 are available from Sigma-Aldrich Co. and
FcC8 is available from Dojindo Molecular Technologies, Inc.).
The electrical characteristics of alkanethiol molecular junctions
have been widely studied, and tunneling has been demon-
strated as the main conduction mechanism.['3222426-34 \When a
ferrocene moiety was attached to the end of these alkanethiols,
the overall molecular junctions exhibited an asymmetric elec-
trical characteristics.1*353% Due to its attractive property of
the molecules, there have been many studies to investigate the
characteristics of the molecular system. For example, an odd/
even effect caused by the chain length of the alkyl chain of the
alkanethiolates or ferrocene-alkanethiolates using the eutectic
Ga and In (EGaln)-electrode molecular junction platform was
reported.?®>% In our study, SAMs were deposited by immersing
the samples for 1-2 days in a dilute ethanolic solution of the
desired molecule in a N,-filled glove box. The thiol moieties
bond strongly to the bottom electrode (Au surface), while the
ferrocene moieties make contact with the top electrode.

The previously reported vertical metal-molecule-metal
junctions are prone to electrical shorting due to the penetra-
tion of the top metal through the SAM during metal evapora-
tion, which creates conducting paths between the bottom and
top electrodes.}240-8] To prevent electrical shorting, an inter-
mediate protective layer such as a conducting polymer?22544
or graphene film*%! can be introduced between the top
electrode and the SAM. In our study, we used a method
reported by Akkerman et al. in which a highly conduc-
tive polymer, PEDOT:PSS, was used as a conducting inter-
layer.?22%] This fabrication technique was used to enhance the
device yield,*®l and the reliability of molecular-scale electronic
devices under mechanically deformed configurations was also
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Figure 1. a) The molecular device fabrication processes on a rigid substrate. b) Optical, SEM, and cross-sectional TEM images of the molecular devices.
The molecular junctions are circular with radii of 7, 8, and 9 um. c) The chemical structures of the molecules. d) The schematic of the molecular device

measurement setup.
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Figure 2. a) J-V characteristics for FcC6, FcC8, and FcC11 molecular devices. The inset shows a semi-log plot of the J-V characteristics with error bars
determined from the standard deviation of all the measured devices (140 devices). b) Asymmetric ratio for FcC6, FcC8, and FcC11 molecular devices.
Inset shows the histograms of the asymmetric ratios for FcC8. c) The J-V characteristics of Au/PEDOT: PSS/octanethiol (C8)/Au junctions. d) His-

togram of asymmetric ratios for C8 devices.

demonstrated.*! In this study, prior to depositing the top elec-
trode, we spin-coated a PEDOT:PSS interlayer of 100 nm thick-
ness, as determined using cross-sectional transmission electron
microscopy (TEM) (Figure 1b). Subsequently, a 50 nm Au film
was deposited on the PEDOT:PSS layer (Figure 1d). By using
this PEDOT:PSS-interlayer fabrication method, we improved
the device yield to near =50% (see Table S1 of the Supporting
Information). In comparison, the device yield of simple metal-
molecule-metal junctions without interlayers is typically
=1%.13247] Approximately 100 molecular devices were fabricated
on a single substrate (1.5 cm x 1.5 cm). The junctions were cir-
cular, with radii of 7, 8, and 9 um. Scanning electron micros-
copy (SEM), TEM, and optical microscopy images of the fab-
ricated devices are shown in Figure 1b. In addition, the device
fabrication procedure is explained in detail in the Experimental
Section and Supporting Information (Figure S1).

Figure 2a shows the representative current density-voltage
(J-V) behavior of the three molecules of varying length used
in our study. In this plot, the current density values at nega-
tive a bias were converted to positive values for easy compar-
ison with those at a positive bias. The inset plot displays statis-
tical J-V data from =50 measured devices for each molecular
length. The error bars depict the standard deviation of the cur-
rent density values measured from all of the working devices
(=140 devices, see Table S1 in the Supporting Information).
Alkyl molecules with ferrocene moieties have previously exhib-
ited asymmetric electrical properties, in which SAMs of these
molecules were sandwiched between a Ag bottom electrode and
a top electrode comprising eutectic Ga and In (EGaln).[43-38]

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In this structure, rectification occurred because the highest
occupied molecular orbital (HOMO) of the ferrocene moiety
participated in charge transport under negative bias only. At a
negative bias, the HOMO of ferrocene is located between the
Fermi levels of the two electrodes and contributes to charge
transport, whereas at a positive bias the HOMO of ferrocene is
below the Fermi levels of both electrodes and therefore cannot
contribute to charge transport.?>3”l We observed similar asym-
metric electrical characteristics in our study but with somewhat
lower asymmetric ratios. The asymmetric ratio (), which is
defined as o = | J(-1 V)/J(1 V) |, where J(*1 V) is the current
density measured at +1 V, was lower (o = =1.6) in our study.
The summarized asymmetric ratios for different molecules are
presented in Figure 2b with the statistical histogram of distri-
bution in the inset. The observed low asymmetric ratio is due to
the different junction structures employed, particularly for the
top electrode material. The greater detail regarding the origin
of this effect and conditions for improvement of the asym-
metric ratio is explained in below (Figure 3d). And to ensure
that the off unity asymmetric ratio is truly attributed to the fer-
rocene moiety, we could find from our previous reports that
the estimated asymmetric ratio is clearly =1 when the depos-
ited molecules are lacking the ferrocene moiety but under same
device configurations.l?>#6l Also from our freshly characterized
results, we confirmed that similar tendency was repeatedly
observed (Figure 2c,d). Therefore, the off unity asymmetric
ratio evidently originates from the ferrocene moiety. And
unlike the previous report by Nerngchamnong et al.,’®! we did
not observe the odd/even effect in the asymmetric ratio using

Adv. Funct. Mater. 2014, 24, 2472-2480



s
Mot
www.MaterialsViews.com

a 20

Y7273 Positive bias
N Negative bias

16

W

12}

I’

N

N

N

N\

# of Device
-]

_

Log, (J) @ 1V

77277 Positive bias
X Negative bias

FcC8

16

# of Device

Log,(J) @ x1V

Y2222} Positive bias
Y Negative bias

FcC11

AR AART ]

-
[

=y
N

# of Device
©

s

Log,(J) @ =1V

www.afm-journal.de

Zero bias
V=0V
Dy =-5.1 eV AP Vv =-5.05 eV
S\/\/\/\/\@
7
L A £ PEDOT:PSS
Positive bias
V=+1.0V
5.1eV /_\
Fc H®
5.7V XTI
-5.1eV

Negative bias
V=-1.0V

Figure 3. a,b,c) Histograms of the logarithmic current densities measured at +1 V for FcC6, FcC8, and FcC11 molecular devices. The arrows indicate
the mean value of the logarithmic current density of the each molecular device at both bias polarities. d) The proposed energy band diagram for the
molecular junctions at three bias conditions (0, 1, and =1 V). Arrows depict the charge conduction through the molecular junction. The HOMO of fer-
rocene and the Fermi level of Au were adopted from the literature, while the Fermi level of PEDOT:PSS was measured by Kelvin Probe measurements.

three different lengths of ferrocene-alkanethiolates (FcCn, n =
6, 8, 11). We think that the absence of the odd/even effect in
this study is caused by un-flatness of the bottom electrodes and
the non-uniform contact between ferrocene moieties and the
PEDOT:PSS interlayer.

Figure 3a—c depict the statistical histograms of the distribu-
tion of logarithmic current densities measured at £1 V for our
FcC6, FcC8, and FcCl1l molecular devices. The arrows indi-
cate representative values of each molecular devices. The loga-
rithmic distribution of current density arises from variations
in the linear distance between the top and bottom electrodes
because the overall current, and the tunneling current in par-
ticular, depends exponentially on the gap distance between the
two electrodes.?>*® From this histogram, one can see that our
devices exhibit asymmetric electrical characteristics, with the
current at a negative bias (forward bias) statistically higher
than that at a positive bias (reverse bias), which is regardless of
molecular length.

To understand the origin of asymmetric electrical charac-
teristics, Figure 3d shows the energy band diagrams of our

Adv. Funct. Mater. 2014, 24, 2472-2480
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molecular junctions. The work function of Au is =5.1 eV. The
work function of PEDOT:PSS was determined to be =5.05 eV
using a Kelvin probe measurement. The HOMO of the fer-
rocene moiety is = -5.0 eV (i.e., 5.0 V below the vacuum
level).'*3>-38 With these values, the energy band diagram at zero
bias can be depicted as shown in the top schematic in Figure 3d.
The middle and bottom schematics depict the energy band dia-
gram when +1 V and -1 V are applied to the PEDOT:PSS side,
respectively. For these diagrams we assumed that the ferrocene
moiety formed van der Waals contacts with the PEDOT:PSS,
resulting in a potential drop of 0.3 V, as described in previous
reports.'*3>738] Therefore, when +1 V is applied the HOMO of
ferrocene decreases to —5.7 eV, whereas an applied bias of -1 V
increases the HOMO to —4.3 eV. To achieve a high asymmetric
ratio, the HOMO of the ferrocene moiety should lie between the
Fermi levels of the two electrodes under one bias polarity (for-
ward bias) but lie below the Fermi levels of both electrodes at the
other bias polarity (reverse bias). These conditions enable a high
asymmetric ratio because a HOMO that lies between the Fermi
levels at the forward bias condition can act as a resonant energy
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Figure 4. A semi-log plot of the current density as a function of the
number of carbon bonds (i.e., the length of the alkyl chains). The lines
through the data points represent the exponential fits. The inset displays
the estimated decay coefficients at each bias.

state for charge transport.'*3-3% However, in our study, the
HOMO of ferrocene is located between the Fermi levels of each
electrode (PEDOT:PSS and Au) at both bias polarities. Thus, the
HOMO of the ferrocene can participate in charge transport at
both bias polarity conditions, resulting in the low asymmetric
ratio (~1.6) observed in our study (Figure 2b, and below).

As depicted in Figure 2a, the current density of each
molecule decreases as the number of alkyl chains increases
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(N =6, 8, 11). Longer molecular lengths lead to larger effec-
tive tunneling barrier widths, which results in a decrease in
the tunneling current that displays an exponential dependence
described by J o< exp(—fd) (Figure 4), where f3 is the decay coef-
ficient and d is the gap distance. The decay coefficient 3 can be
deduced from the slope of the linear fitting of current density
along the number of carbon bonds at a fixed bias, which obeys
the exponential dependence as J o exp(—fd). The determined
B values are shown in the inset of Figure 4. The [ values were
found to range from 0.20 to 0.25 per carbon bond for both posi-
tive and negative biases. The 3 values observed in our study are
smaller than those previously reported for alkyl molecular junc-
tions (0.7-1.2 per carbon bond).[242729:30.32,60-63] e previously
reported the f3 values of pure alkyl molecules to be =1.0 per
carbon bond (corresponding to =0.8 A), which differs from the
lower values for ferrocene-alkanethiolate molecules in our cur-
rent study.[3247:64

To understand the electronic transport properties of our
molecular junctions, we performed temperature-variable cur-
rent-voltage (I-V-T) measurements while the temperature
was varied from 80 to 300 K in increments of 20 K. Figure 5a,b
present Arrhenius plots (In(J) versus 1/T) of a FcC11 device at
negative and positive bias, respectively (see Figure S4 in the
Supporting Information for FcC6 and FcC8 devices). The cur-
rents were nearly bias-independent at lower temperatures,
indicating that tunneling is the dominant conduction mech-
anism at this temperature range. However, at high tempera-
tures (> =220 K), there is a distinction in the behavior between
the two bias polarities. At a negative bias, weak thermal activa-
tion occurs at the high temperature range (Figure 5a). This
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Figure 5. a,b) Arrhenius plots of In(J) versus 1/T for an FcC11 molecular device at different a) negative and b) positive biases. c,d) Arrhenius plot of
the data measured at c¢) +1 V and d) £0.2 V from plot (a) and (b), respectively.
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thermal activation could be interpreted as weak hopping con-
duction (not thermionic conduction, detailed analysis is not
provided here). More importantly, an interesting feature was
observed at the positive bias polarity. As shown in Figure 5b,
at the low temperature range the conduction is dominated by
tunneling. However, at the high temperature range (> =220 K)
and at high biases (e.g., the 0.6, 0.8, and 1.0 V conditions in
Figure 5b), the current decreased with increasing tempera-
ture. Normally, current through a molecular junction (or other
types of junctions) is either independent of temperature when
a tunneling is dominating, or dependent on temperature such
a way that current increases as the increasing temperature
when a thermionic conduction or defect-mediate conduction
mechanisms are dominating. On the contrary, we observed an
opposite temperature dependent conduction characteristics in
our study, which is that current decreased as the increasing
temperature.

This unique feature, in which current decreases with
increasing temperature at a positive bias, can be more clearly
observed when the currents measured at £1 V are plotted
together as a function of temperature, as shown in Figure 5c.
We can deduce that this feature is a molecular effect because
typical metallic behavior was observed over the entire tempera-
ture range (i.e., current decreased with increasing temperature)
for molecule-free Au/PEDOT:PSS/Au junctions, without the
appearance of any unusual behavior at 220 K (see Figure S2b
in the Supporting Information). Note that this unique feature
was observed only at high positive biases (higher than =0.6 V)
and did not occur at low positive biases (see Figure 5b,d and
Figures S4-S6 in the Supporting Information). Combining
these I-V-T results, we also plotted the asymmetric ratios as
a function of temperature, as shown in Figures S6,S7 in the
Supporting Information. At temperatures of up to =220 K,
the asymmetric ratio was nearly constant. At higher temper-
atures (> =220 K), the asymmetric ratio increased due to the
different I-V-T behaviors at negative and positive biases. This
unique behavior was consistently observed for many of the
other devices, regardless of molecule length (see Figures S6,S7
in the Supporting Information). Figure S7 in the Supporting
Information describes six different devices for each mole-
cular length (total of 18 devices), all of which exhibited similar
behaviors.

One possible mechanism for our observation can be the
redox-induced conformational change of ferrocene-alkanethi-
olate.*l Tt has also been reported that the environmental effects
such as surface coverage can make an influence on the orienta-
tion change by theoretical and experimental studies.**-8 From
reports in the literature,®% we can expect that the orientation
change of the ferrocene-alkanethiolates can be induced by the
redox process of the ferrocene moieties. Ferrocene-alkanethi-
olate can be reversibly oxidized under relatively small applied
biases due to the presence of strongly electron-donating fer-
rocene terminal groups,®® whose oxidation peaks have been
observed near +0.6 V with respect to a Au electrode using
cyclic voltammetry.**>! Even in solid state junctions, this kind
of redox process is shown to be available due to the charge
injection to a special molecule with relevant molecular orbitals
and metal complexes.’>>° When ferrocenes are oxidized (to
ferricenium cations) by applied biases higher than =+0.6 V, the

Adv. Funct. Mater. 2014, 24, 2472-2480
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positively charged ferrocene terminal groups in the SAM will
exert a lateral repulsive force on the neighboring molecules.*’!
This repulsion can be alleviated by increasing the distance
between the oxidized ferrocenes. One way to achieve this is to
orient the molecules perpendicular to the electrode surface,*!
leading to an increase in the distance between the two elec-
trodes and a decrease in the current density between them.
This type of SAM rearrangement would require an energy
input, and a current density dependence on orientation would
therefore appear at high temperatures (> =220 K in this work).
But to understand the influence of the temperature on the dis-
tinctive electrical characteristics precisely, it is expected that
the more delicate study should be progressed. From our data
in Figure 5c and the estimated decay coefficient () value from
Figure 4, we estimated that the current decrease from 220 to
300 K corresponds to a change of =2 A in the distance between
the two electrodes. Another possible mechanism is disordering
in the SAMs due to electrostatic repulsions between the oxi-
dized ferrocene moieties. Disordering would prevent the ferro-
cene moieties from making good contact with the PEDOT:PSS
layer and reduce the current. Indeed, the disordering of SAMs
of ferrocene-alkanethiolate has been described in a previous
report.?¥ In our molecular junctions, both of these mecha-
nisms may be at work. Even so, further evidence is needed to
fully understand our observation. As a control group, when the
molecules had no ferrocene moieties but only the alkyl chain,
there were no distinctive behaviors in the electrical character-
istics at different temperatures.*”! Therefore, the electroac-
tive nature of the ferrocene moieties is truly the origin of the
distinctive temperature dependent behaviors observed in this
study. Note that the device cyclability was maintained under
several measurements without losing its own characteristics.
Also the temperature sweep direction (i.e., high temperature
to low temperature and low temperature to high temperature)
did not influence on the manifestation of the distinctive tem-
perature dependency. We expect the reason for the stability in
spite of the dynamic process is that the degree of configuration
change of the monolayer is fairly small compared to the length
of the molecules. Guojon et al. has reported that the molec-
ular orientation change due to the oxidation of the ferrocene
is mainly observed in the random system (i.e., ferrocene-alka-
nethiolates diluted with alkanethiolates) whereas it is less pro-
nounced in the cluster system (i.e., pure ferrocene-alkanethi-
olates).P® Interestingly, we also observed this unique feature
in the molecular junctions on flexible substrate structures, as
explained in the following.

The ferrocene-alkanethiolate SAMs were also fabricated and
characterized on a flexible substrate. The device fabrication pro-
cedure was similar to that used for the rigid device (Figure 1 and
Supporting Information Figure S1), with the exception of the
use of a polyimide (PI) substrate (Neopulim L-3430 purchased
from Mitsubishi Gas Chemical Co., Inc.). The junction area on
the flexible devices measured 30 pm x 30 um. Figure 6a pre-
sents the representative -V characteristics of FcC6, FcC8, and
FcC11 flexible molecular devices fabricated on PI substrates
under flat conditions (defined as bending radius = ). The cur-
rent densities of the flexible devices were similar to those of the
rigid devices (Figure 2a) within the error bar range. The asym-
metric ratios (shown in the inset of Figure 6a) were also similar
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Figure 6. a) -V characteristics of FcC6, FcC8, and FcC11 molecular devices fabricated on flexible substrates. The data were measured under bending
conditions with a bending radius of 5 mm. The inset displays the asymmetric ratios of the devices under the same bending conditions. b) Arrhenius
plot for a flexible FcC11 molecular device under bending conditions with a bending radius of 5 mm. c) The current density (/) values measured at -0.8 V
for FcC6, FcC8, and FcC11 flexible molecular devices under various bending radius conditions (s, 10 mm, and 5 mm). d) The current density (/) values
measured at —0.8 V for FcC6, FcC8, and FcC11 flexible molecular devices under repeated bending cycles (0, 10, 100, and 1000 times; bending radius =

5 mm). e) A retention plot showing that the measured J values at 0.8 V for 10* s

(time interval At=10s) of an FcC11 flexible molecular device under

extreme bending conditions (a thin cylindrical glass rod with radius =1 mm).

to those of the rigid devices (Figure 2b). Subsequently, we exam-
ined the mechanical stability of these flexible molecular devices
under various bending conditions. Figure 6¢ shows the current
densities measured for the FnC6, FnC8, and FnC11 flexible
molecular devices under different bending radius conditions
(bending radius = e, 10 mm, and 5 mm). Figure 6d presents
the current densities for these flexible devices after repeated
bending cycles (10, 100, and 1000 times) at a bending radius of
5 mm. These results demonstrate that the electrical properties
of our flexible molecular devices were well preserved under var-
ious mechanical bending conditions. The flexible devices were
also tested under severe bending conditions with a bending
radius of 1 mm, yet still maintained their electrical character-
istics, as shown in Figure 6e. We further performed -V-T
measurements for our flexible molecular devices under a bent

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

configuration with a bending radius of 5 mm, and the results
are shown in Figure 6b. The unique feature (the decrease of
current with increasing temperature at positive biases) that
was observed for the rigid devices (Figure 5c and Figure S6 in
the Supporting Information) was also observed in the flexible
devices under a bent configuration, confirming that this char-
acteristic is reproducible in both rigid and flexible devices and
under both flat and bending conditions. This results represent
the distinctive electrical characteristics are intrinsic molecular
properties irrelevant to external conditions such as substrate
type or mechanical stress. Remarkably, our thin molecular
layer devices on flexible substrates are able to maintain their
molecular conductance characteristics under bending condi-
tions due to the dominant through-bond pathways of molecular
junctions.[?’!
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3. Conclusion

In summary, we studied the redox-induced electronic trans-
port properties of ferrocene-alkanethiolate molecules using a
conducting polymer-interlayer device structure. We observed
asymmetric electrical transport properties, which arise due to
the existence of ferrocene moiety. In particular, we observed dis-
tinctive electrical characteristics that the current in the junction
decreased with increasing temperature at high temperatures
(> =220 K) and when a large positive bias (> =0.6 V) was applied
to the ferrocene end-group side. This behavior is attributed to
the redox process of the ferrocene moiety in the molecular junc-
tion. We also fabricated the same molecular junctions on flex-
ible device substrates and demonstrated consistent electrical
characteristics (i.e., asymmetric current-voltage characteristics
and distinctive temperature dependence) under various bending
configurations. This ensures that the unique feature originated
from the intrinsic molecular reactions but not from the effect
of substrates or device configuration. Our study suggests the
importance of consideration of intrinsic molecular reactions
especially redox process when one applies molecules to the
robust functional molecular devices. And this work also pro-
vides a route toward the practical implementation of functional
molecular devices with unconventional flexible configurations.

4. Experimental Section

Fabrication of Rigid and Flexible Molecular Devices: The substrates
used in this study were first prepared by general cleaning process
with acetone, methanol, and deionized water. The patterned bottom
Au (50 nm)/Cr (10 nm) electrodes generated by optical lithography or
shadow mask technique and metal evaporation with e-beam evaporator
were made on rigid (Si/SiO,) or plastic (Pl; Neopulim L-3430, purchased
from Mitsubishi Gas Chemical Co. Inc.) substrates. Then, to create
isolation wall, photoresist (Az5214E, purchased from Az Electronic
Materials) was spin-coated (4000 rpm, 1 minute) on substrates and via-
hole for SAMs was made. After that, in order to prevent the isolation
wall from being soluble in SAM solution, the substrates were hard-baked
with 190 °C for 2 h. Immediately, the substrates were dipped into the
SAM solutions (=3 mm in anhydrous ethanol) in Nj-filled glove box
for 1-2 day. After deposition of SAMs, the substrates were rinsed with
anhydrous ethanol and then dried by N, stream in N,-filled glove box for
~2 h. Then, conducting polymer PEDOT:PSS (PH1000, purchased from
Clevios) interlayer was spin-coated (3500 rpm, 30 s) on the substrates.
After the coating, Au (50 nm) top electrodes were created. Finally, with
reactive ion etching (RIE) process (using O, gas, 11 sccm, 60 mTorr,
50 W), residual PEDOT:PSS was removed.

Device Characterization: The electrical characteristics of the devices
were measured with a semiconductor parameter analyzer (Keithley 4200
SCS) and a probe station system (JANIS Model ST-500).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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