
Delivered by Publishing Technology to: Dental Library Seoul Natl Univ
IP: 147.46.182.248 On: Thu, 01 Jan 2015 01:28:18

Copyright: American Scientific Publishers

Copyright © 2015 American Scientific Publishers
All rights reserved
Printed in the United States of America

Article
Journal of

Nanoscience and Nanotechnology
Vol. 15, 5937–5941, 2015

www.aspbs.com/jnn

Statistical Analysis of Electrical Properties of
Octanemonothiol versus Octanedithol in

PEDOT:PSS-Electrode Molecular Junctions

Hanki Lee, Hyunhak Jeong, Dongu Kim, Wang-Taek Hwang, Youngbin Tchoe,
Gyu-Chul Yi, and Takhee Lee∗

Department of Physics and Astronomy, Seoul National University, Seoul 151-747, Korea

We fabricated a large number of octanemonothiol (C8) and octanedithol (DC8) molecular electronic
devices with PEDOT:PSS (3,4-ethylenedioxythiophene) interlayer and performed a statistical anal-
ysis on the electronic properties of these devices. From the analysis, we obtained the Gaussian
plot of histograms of Log10 (current density (J)) and several statistical estimates such as arithmetic
mean, median, Gaussian mean, arithmetic standard deviation, adjusted absolute median deviation,
and Gaussian standard deviation. We determined the current density–voltage (J–V ) characteristics
from the statistically representative data for C8 and DC8 devices and found that the conductiv-
ity of C8 is higher than that of DC8 by a factor of ∼10. The difference of the conductivity of C8
and DC8 devices is attributed to the difference of the contact properties between the C8 and DC8
PEDOT:PSS-interlayer molecular junctions.
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1. INTRODUCTION
The fabrication of molecular electronic junction using
a conductive polymer (PEDOT:PSS; 3,4-ethylenedioxy-
thiophene) between the top electrode and the molecules
has been one of the most successful techniques in terms of
high device yields and stable junctions.1 Nevertheless, the
use of a conductive polymer presents some uncertainties as
a platform for molecular devices because the properties of
the interface between the polymerlayer and the molecules
are not thoroughly understood.1–6 Therefore, more detailed
understanding of the interface between the polymer layer
and the molecules should be done in the field of molecular
electronics.

In this study, we fabricated sufficient number of
octanemonothiol (C8; 112 devices) and octanedithol
(DC8; 128 devices) molecular devices with PEDOT:PSS
interlayer for a meaningful statistical analysis. First,
we measured the electrical properties of the fabricated
molecular devices and made histograms of Log10 �current
density�J ��. Next, we performed a statistical analysis
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and obtained several statistical estimates; arithmetic mean
(�A), median (�M ), Gaussian mean (�G�, arithmetic stan-
dard deviation (�A), adjusted absolute median deviation
(�M ), and Gaussian standard deviation (�G). Then, we
compared the conductivity of C8 devices with DC8 devices
from the current density–voltage (J–V ) characteristics.
Finally, we discussed the relation between the conductiv-
ity and the contact properties in C8 and DC8 devices to
understand the difference in the electrical characteristics.

2. EXPERIMENTAL DETAILS
The Au-octanethiol-PEDOT:PSS/Au junctions were fabri-
cated on a p-type (100) 300 nm thickness SiO2 substrate.
First, patterned Au(500 Å)/Ti (100 Å) bottom electrodes
were formed on the SiO2 substrate using a shadow mask
by an electron beam evaporator at a deposition rate of
∼0.1 Å/s. Next, photoresist (AZ5214) was spin coated on
the bottom electrodes to form an insulating wall which
electrically isolates the bottom electrodes with the top
electrodes. And then, via-hole structures in the photoresist
layer were generated. The via-holes were square-shaped
and the side lengths of the holes ranged from 30 �m to
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Figure 1. (a) A schematic diagram of the device structure of our molec-
ular devices. (b) Molecular structures of C8 and DC8. In C8 devices,
methyl (–CH3) end group contacts with PEDOT:PSS layer whereas in
DC8 devices, thiol (–S) end group contacts with PEDOT:PSS layer.

100 �m with an increment of 10 �m. After the formation
of the via-holes, the devices were annealed on a hot plate
at ∼200 �C for 2 h 30 min to make the photoresist layer
insoluble in ethanol during the formation of the molecu-
lar self-assembled monolayer (SAM) on the bottom elec-
trodes. Subsequently, the devices were put into 2 mM
octanemonothiol (C8) and octanedithiol (DC8) solutions
diluted with ethanol for 24 h to deposit the SAMs on
the bottom electrodes. After that, the devices were rinsed
with ethanol to remove residual unbounded molecules.
PEDOT:PSS (PH 1000 from CLEVIOS™) was spin coated
on the devices and then Au top electrodes (500 Å) were
deposited on top of the PEDOT:PSS interlayer using a
shadow mask in an electron beam evaporator with the
same deposition rate as the case of depositing bottom elec-
trodes. Finally, to prevent the formation of a direct cur-
rent path through the PEDOT:PSS layer between the top
and bottom Au electrodes, reactive ion etching (RIE) was
performed with O2 gas to remove redundant PEDOT:PSS
layers on the devices.7 Figure 1 shows the schematic dia-
gram of the device structure of the molecular devices and
molecular structures of C8 and DC8. The J–V characteris-
tics of the fabricated molecular devices were measured by
using a semiconductor parameter analyzer (Keithley 4200-
SCS) in N2 gas filled glove box to prevent the degradation
by water vapor and O2.

3. RESULTS AND DISCUSSION
3.1. Statistical Analysis of Logarithmic Current

Density (Log10J) of C8 and DC8
Molecular Devices

The statistical approach to molecular electronic devices
can provide a useful way to distinguish the transport prop-
erty of different molecular system.8 Therefore we fabri-
cated sufficient number of devices (112 C8 devices and
128 DC8 devices) for the statistical analysis and performed
the analysis based on the data from the fabricated devices.
Figure 2(a) shows a histogram of Log10J values mea-

sured at 1 V from all data of C8 molecular devices.
The ‘working’ devices were extracted from the devices
showing a majority of current densities in the statisti-
cal distribution by using a Gaussian function.9 Here we
selected the 99.7% of the devices from overall popula-
tion which were included in the interval of the 3�G range

Figure 2. (a) Histogram of logarithmic current devices at 1 V from C8
molecular devices. (b) Histogram of logarithmic current densities at 1 V
for C8 and DC8 devices.

between �G+3�G and �G−3�G as our previous report.8

Figure 2(b) shows the histograms of Log10J of work-
ing C8 and DC8 molecular devices chosen by the above
restriction. With this criteria for the working devices, we
determined that 61 working C8 devices and 89 work-
ing DC8 working devices, therefore the device yield was
61/112= 54�5% for C8 devices and 89/128= 69�5% for
DC8 devices in PEDOT:PSS-electrode molecular junction
structure. This yield is significantly larger as compared
with the case of metal-molecule-metal junction structure
without using PEDOT:PSS interlayer which showed a typ-
ical device yield of ∼1%.8

It is well known that the current density (J ) through
alkanethiol SAMs follows the tunneling conduction mech-
anism and can be expressed as;

J ∝ exp�−�d� (1)

where d is the molecular length and � is the tunneling
decay constant.10–20 We fit the histogram data of Log10J
with the Gaussian function as;

f �x�= 1
�G

√
2�

exp
[
�x−�G�

2

2�2
G

]
(2)

where �G is the Gaussian mean and �G is the Gaussian
standard deviation. From the fittings, we could deduce sta-
tistical estimates.
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For more sample statistical analysis, we calculated two
more statistical estimates for the average and standard
deviation: (1) arithmetic mean and (2) median by follow-
ing methods:
(1) Arithmetic mean and standard deviation: Arithmetic
mean (�A) is the sum of a collection of numbers divided
by the number of numbers in the collection.21 Arith-
metic standard deviation (�A) is the square root of second
moment about �A.

22

(2) Median and median absolute deviation: The median
(�M� is defined23–25 as the value for which 50% of the
sample is greater than or equal to that value, and 50%
of the sample is less than or equal to that value. Though
median absolute deviation is useful for visualizing sample,
it can’t be compared directly to �G nor �A. However, for
comparison with them,we can use the following adjusted
median absolute deviation (�M��

26

�M = 1�4826×median ��x−�M �� (3)

The quantity, median (�x−�M�), is called the median abso-
lute deviation, and the factor of 1.4826 adjusts this quan-
tity to correct for underestimation of the sample standard
deviation.

Table I shows the list of these statistical estimates. As
summarized in Table I, �G of C8 and DC8 molecular
devices was found to be larger than �A of C8 and DC8
devices by 0.14 and 0.07, respectively. However, �G of
C8 and DC8 devices was larger than �M only by 0.04 and
0.03, respectively. And, �G of C8 and DC8 devices were
found to be smaller than �A of C8 and DC8 devices by
0.27 and 0.1, respectively. But �G of C8 and DC8 devices
were smaller than �A of C8 and DC8 devices only by 0.02
and 0.01, respectively. These results are because �A and
�A respond strongly to long tails (larger share of the data
to the right of the peak than in a normal distribution) and
outliers (data that lie far from the peak in histograms of
Log10J ). Since most histograms had long tails and outliers,
�A was usually found to be greater than �G.

22

For a true normal distribution, any estimates of the stan-
dard deviation will tend to be smaller than interquartile
range (IQR) which is equal to the difference between the
upper and lower quartiles.27	28 For the more specific analy-
sis, we also calculated the IQR values. In our cases, IQR of
C8 and DC8 molecular devices were found to be 0.42 and
0.66, respectively. Comparing them with standard devia-
tion results in Table I, �M and �G of C8 and DC8 devices

Table I. The list of statistical estimates for C8 and DC8 devices.

�A �M �G �A �M �G

C8 1.24 1.34 1.38 0.56 0.31 0.29
DC8 0.77 0.81 0.84 0.66 0.57 0.56

Notes: �A: Arithmetic mean; �M : Median; �G: Gaussian mean; �A: Arithmetic
standard deviation; �M : Adjusted absolute median deviation; �G: Gaussian standard
deviation. The unit of �A, �M , and �G is Log10 (A/cm2�.

were smaller than above IQR values. But �A values of C8
and DC8 devices were not smaller than IQR values. This
phenomenon can be explained by that arithmetic values
responded strongly to long tails and outliers in histograms
of Log10J which were regarded as errors in the normal
distribution fitting.22

From Table I, Log10J of C8 was larger than that of DC8
by about 0.5 and standard deviation of C8 was smaller
than that of DC8 by 0.1–0.27. The former suggests that
current density of C8 is larger than that of DC8. The lat-
ter implies that the molecular contact length (d) of C8
would be shorter than that of DC8 because the distri-
butions of Log10J coincide with distribution of molecu-
lar contact length from Simmons model and the standard
deviation of d is normally proportional to the size of it.
In other words, the larger standard deviation means the
longer molecular length, therefore the larger standard devi-
ation of DC8 devices implies the longer length of DC8
molecular junction.

3.2. Current Density–Voltage (J–V) Characteristics
Current density reflects the conductivity of different
molecular systems.8 Here we collected the statistically rep-
resentative data near from the median of J (see Fig. 2 and
Table I) and plotted them in Figure 3. According to this
plot, the J of C8 representative junction is higher than that
of DC8 representative junction by a factor of ∼10 in the
A/cm2 unit.
This difference of conductivity of C8 and DC8

devices is associated to their different contact proper-
ties in PEDOT:PSS-electrode molecular junction structure.
Because the PEDOT:PSS does not form a chemisorbed
contact with thiol-end group, the difference between C8
and DC8 junctions can be explained by a difference in
the properties of the contacts corresponding to differ-
ent contact lengths. Additionally, the DC8 SAM has the
same ordering structure (tilt angle and packing density)
as the C8 SAM on Au(111).29 Thus, one possible ori-
gin of the difference in the conductivity is the shorter

Figure 3. Current density–voltage (J–V ) characteristics of
octanemonothiol (C8) and octanedithiol (DC8).
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Figure 4. Schematic representation of (a) hydrophobic contact: C8-
PEDOT and (b) hydrophilic contact: DC8-PSS.

length in the C8 junctions.2 To explain this conclusion
more precisely, we have to discuss contact properties
between PEDOT:PSS interlayer and C8 or DC8. From a
scanning tunneling microscopy (STM) study of a spin-
coated PEDOT:PSS film, it is known that high conducting
PEDOT-rich pancakes with a thickness of a few nanome-
ters and a diameter of a few tens of nanometers are
separated by non-conducting PSS lamellas.30 Therefore,
we can assume that the conductivity of the junction will
be higher when molecules make contact with PEDOT-
rich area rather than PSS. Figure 4 is the schematic
representations of C8 with hydrophobicmethyl contact to
high conducting PEDOT part and DC8 with hydrophilic
thiol contact to non-conducting PSS part. C8 and DC8
make contacts with the bottom electrodes with thiol end
group (–S), but the other end of C8 and DC8 which are
coated with PEDOT:PSS makes different contacts due to
the end group of each type of molecules; i.e., C8 has
hydrophobic methyl (–CH3) as the end group whereas
DC8 has hydrophilicthiol (–S) as the end group. And
because PEDOT is hydrophobic and PSS is hydrophilic as
we mentioned above, we can infer that the hydrophobic
methyl of C8 would prefer to make contact with hydropho-
bic PEDOT part than hydrophilic PSS part. On the other
hand, compared with the C8 case, the hydrophilic thiol of
DC8 would adjoin with more hydrophilic PSS part than
hydrophobic PEDOT part. This different contact (methyl-
PEDOT and thiol-PSS) property can be are as on why
the conductivity of C8 devices is higher than that of DC8
devices. If thiol adjoins with PSS part, PSS would be less
conducting than PEDOT in this case. Therefore, the con-
ductivity of the DC8-PSS junction is relatively lower than
C8-PEDOT junction.

4. CONCLUSION
We performed a statistical analysis on the electrical proper-
ties of C8 and DC8 devices fabricated in the PEDOT:PSS-
electrode molecular electronic junction structure. From the
statistical analysis, we could obtain several statistical esti-
mates of C8 and DC8 devices. In particular, we observed
the average of Log10J of C8 was larger than that of DC8
and the standard deviation of C8 was smaller than that
of DC8. The latter implies that the molecular contact
length of DC8 is longer than C8. From statistically rep-
resentative J–V characteristics, we found that the current
density of C8 is higher than that of DC8 by a factor ∼10.

This result is originated from different contact proper-
ties between molecules (C8 and DC8) and PEDOT:PSS
interlayer. We suggest the origin of the difference in the
conductivity is that C8 devices with hydrophobic methyl
(–CH3) as an end group make contact more easily with
hydrophobic PEDOT (more conductive) part while DC8
with hydrophilic thiol (–S) make contact more easily with
hydrophilic PSS (less conductive) part.
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