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We report a noise mapping strategy for the reliable identification and analysis of noise sources in
molecular wire junctions. Here, different molecular wires were patterned on a gold substrate, and

the current-noise map on the pattern was measured and analyzed, enabling the quantitative study of
noise sources in the patterned molecular wires. The frequency spectra of the noise from the molecular
wire junctions exhibited characteristic 1/f behavior, which was used to identify the electrical signals
from molecular wires. This method was applied to analyze the molecular junctions comprising various
thiol molecules on a gold substrate, revealing that the noise in the junctions mainly came from the
fluctuation of the thiol bonds. Furthermore, we quantitatively compared the frequencies of such bond
fluctuations in different molecular wire junctions and identified molecular wires with lower electrical
noise, which can provide critical information for designing low-noise molecular electronic devices. Our
method provides valuable insights regarding noise phenomena in molecular wires and can be a powerful
tool for the development of molecular electronic devices.

Molecular wires (MWs) are the basic building blocks of molecular electronic devices!-®. Understanding the
charge transport phenomena across metal-MW-metal junctions is a crucial step for the realization of novel elec-
tronic devices based on a single or few MWs!~!1. Extensive efforts have been devoted to the study of MW junc-
tions, revealing their various characteristic properties!. In particular, noise phenomena, such as the random
fluctuations in the electrical currents in MW junctions, have attracted increasing interest as the measurement and
analysis of the noise were found to provide useful clues for understanding various aspects of MW junctions!>™4,
In previous noise studies on MW junctions, one had to fabricate and measure multiple MW junctions based
on different MWSs to compare the noise characteristics of the different MWs. However, it is difficult to fabricate
multiple MW junctions with a uniform quality and even MW junctions based on identical MWs often exhibit
variations of several orders of magnitude in their current and noise levels'>!°. Due to such problems, it has been
extremely difficult to reliably identify the effect of MWs on the current and noise generated in MW junctions,
which has been one of the major hurdles for studying the electrical transports by MWs!>6,

Herein, we report a noise mapping strategy to reliably identify and map the sources of electrical noises in
various MW junctions. In this strategy, we patterned different MW junctions in a single metal substrate via a
microcontact printing method and mapped the electrical currents and noise power spectra of the sample. Here,
the different MW junctions were based on the same substrate and mapped via a single scanning probe, minimiz-
ing the possible variations from the substrate and probe and enabling reliable studies on the effect by MWs in
the junctions. Analysis of the mapping data indicated that the MW junctions exhibit a characteristic 1/ noise
behavior regardless of MW species, unlike metal-metal nanojunctions showing common 1/fnoise. This behavior
was used to identify electrical signals originating from the MWs. Furthermore, the method was used to study
the MW junctions of various thiol molecules on a gold substrate. The results indicate that the electrical noise in
the junctions mainly originated from the fluctuations of thiol bonds between the MWs and the gold surface. In
addition, we quantitatively compared the bond-fluctuation frequencies of different MWs and identified the MWs
with lower noise. These results show that the electrical fluctuations measured by our method can provide useful
insights regarding the physical properties of MW layers and clues to understand the behavior of individual MWs.
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Figure 1. Schematic diagram depicting the experimental setup for measuring the electrical current and
noise in patterned layers of molecular wires. A Pt-based conducting probe installed on an AFM was placed
on the patterns of molecular wire layers, and a bias voltage was applied between the probe and underlying

gold substrate. The contact force between the probe and molecular wires was maintained at 1 pN using a force
feedback loop in the AFM system. The electrical currents and noise PSDs of the currents were simultaneously
measured using a preamplifier and homemade spectrum analyzer. The maps of the electrical currents and noise
PSDs were obtained by scanning the probe above the patterned surface.

Considering that the electrical noise has been one of the most difficult problems to study and is critical for molec-
ular electronic devices, our results are expected to be a major breakthrough in molecular electronics research and
may have a significant impact on the development of molecular electronic devices.

Results and Discussion

Experimental setup. Figure 1 shows a schematic diagram of our experimental setup for the noise and cur-
rent measurements on a patterned layer of MWs. The details of the experimental procedures are described in the
methods section. In brief, we prepared the self-assembled monolayer (SAM) patterns of different MW on a gold
substrate via a microcontact printing method!”. Then, a Pt-based conducting probe installed on a contact mode
atomic force microscopy (AFM) system approached the sample, forming a metal (gold)/MW/metal (Pt probe)
junction. Here, the contact force between the probe and MW layer was maintained at 1 uN using the contact force
feedback loop of the AFM system. To map the electrical current and noise, a bias voltage was applied between
the probe and gold substrate with force feedback, and the currents through the gold/MW/Pt probe junction were
measured. The measured currents were converted to amplified voltage signals by a preamplifier (SR570, Stanford
Research Systems). Subsequently, the noise PSD of the signals in a specific frequency range was measured using
a homemade spectrum analyzer. Two-dimensional maps of the currents and noise PSDs could be obtained by
scanning the probe on the MW patterns during the measurement. The typical scan speed was 0.5 um/s. Then, the
measured current and PSD maps were analyzed to obtain maps of the resistances and the mean-square fluctuations
of resistances of the patterned MW, respectively. Note that the characteristics of the scanning probe-based MW
junctions could vary due to the variations of the probes and substrates used. However, with our strategy, we could
measure the noise characteristics of different MWs using a single probe on the same substrate. Thus, the possible
variations of the MW junctions, which have often been a serious problem in previous works, were minimized,
enabling reliable comparative studies of the different MWs.

Characteristic scaling behavior of current noise in molecular wire-metal probe junctions.
Figure 2a and b show the AFM topography and the electrical current maps measured on 1-nonanethiol (C9)
SAM patterns on a gold substrate. A bias voltage of 5mV was applied between the gold substrate and conduct-
ing AFM probe to measure the current map. The widths of the C9 and gold regions were ~4 and 8 pum, respec-
tively. The measured height of the C9 monolayer was approximately 1.1 nm, which is consistent with the reported
length of a C9 molecule'®. The topography and current images showed no bumps or cracks, indicating the high
quality of the SAM of the C9 molecules. Any mechanical or chemical distortions on the probe during scan-
ning could result in abrupt changes or distortions in the images. In such cases, the data were discarded, and the
probe was replaced with a clean one. We could repeatedly image a specific region of a molecular pattern more
than 5 times without abrupt changes or distortions in the imaging results. This indicates the distortion on the
probe or samples during the scanning was minimal, and at least in the presented image, we performed the noise
measurement while maintaining the same probe conditions. The electrical current level in the MW regions was
approximately 100 times lower than that in the Au regions, implying that the voltage drop mainly occurred at the
MW junctions in our measurement system. In addition, we could measure a stable current level for a relatively
long time period when the probe was placed at a fixed position with the AFM force feedback on (Fig. S1 in the
Supplementary Information). Such clear current images and stable current levels indicate electrically clean MW
layers and stable electrical contacts during our measurements.

We mapped the noise PSD values (S)) at a specific frequency while measuring the topography and current
maps via noise microscopy. We obtained a current-normalized noise PSD (S/I*) map by dividing the S; values
in the S; map by the corresponding current (I) values in the current map. The S;/I* value is a useful parame-
ter to represent the noise level of an electrical channel®. Figure 2c shows the S/I> map at 31.6 Hz. The noise
level of the MW (~107°Hz™!) was considerably higher than that in the bare gold region (~1072Hz™!). The low
noise level in the gold region indicated negligible background noise in our noise microscopy system. In contrast,
the high noise level in the C9 monolayer region implies that the C9 MWs between the gold and AFM probe
were generating a significant amount of electrical noise. As a control experiment to check the reliability of our
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Figure 2. Characteristic scaling behavior of current noise in molecular wire-metal probe junctions.

(a) AFM topography image showing the line-shaped patterns of 1-nonanethiol (C9) SAMs on a gold substrate.
(b) Current map of the SAM patterns. (c) Current-normalized noise PSD map of the SAM patterns. (d) Graph
showing noise PSD versus frequency data measured in a gold (red) and a molecular wire layer (blue) region on
the sample. The data were fit to a I/f7 curve with different values of the scaling factor 3. The noise PSD spectra
from a molecular wire region were fit to a 1/f curve corresponding to the scaling factor of approximately 2.0,
whereas those from the gold region exhibited a typical 1/f behavior with a scaling factor of approximately 1.0.
(e) Scaling factor map of the noise PSD spectra measured on the SAM patterns. The molecular wire and gold
regions exhibited scaling factors of ~2.0 and 1.0, respectively.

electronics, we used our electronics (without the AFM system) to measure the electrical noise from a dummy
resistor (1.0 GQ glass glaze film resistor) whose resistance was similar to that of the C9 MW junction (Fig. S2 in
the Supplementary Information). The noise level of the dummy resistor was ~10~7 Hz ™!, which was 100 times
smaller than that from the C9 junction. This result implies that the MWSs generated a significant amount of elec-
trical noise, even compared with other high-resistance materials, and our system can be used to reliably measure
such noise from MW junctions.

In our setup, we placed a conducting probe at a fixed location on the MW-patterned sample and measured
the noise spectra from that location. Figure 2d shows the current-normalized noise PSD spectra that were meas-
ured at two different regions: (i) a bare gold region (red line) and (ii) a C9 SAM region (blue line). In both
cases, the noise PSD values were quite high at low-frequency conditions and decreased with increasing fre-
quency following the power laws, indicating the existence of frequency-dependent noise sources other than the
frequency-independent Johnson-Nyquist noise sources in the sample. We fitted the noise PSD spectra using
functions of frequency fin the form of PSD = A/f’, where A and (3 are the fitting parameters. The fitting curves
are marked by black dashed lines in the Fig. 2d. Here, the fitting parameter (3 gives useful information about how
fast the noise PSD decreased with the increasing frequency, and it was named as the “scaling factor”. As indicated
by the fitting curve (dashed line), the PSD measured at the gold region showed a typical 1/f noise behavior with
(3 ~1.1In contrast, a 1/ noise behavior with 3 ~2 was observed when we measured noise spectra in the C9 region.

Previous works have shown that if a noise source can generate a two-state conductance fluctuation between a
conducting state (C) and non-conducting state (N), the electrical noise generated by the noise source should have
a Lorentzian form like'>2*?,

1

PSD x ——88 —
1 + nfr)? (1)

Here, 7 is the characteristic time of the fluctuation and is defined as (A + p) !, where A and p are the transi-
tion rates of the C-fo-N and N-to-C transitions, respectively. At a rather high-frequency condition of 27fr>>1,
the PSD can be approximated to be proportional to 1/f2'*!*. Thus, 1/f* noise in the C9 monolayers could be
generated by the uniform Lorentzian noise sources in the MW layer!’. The measured PSD on the C9 mon-
olayer was fitted to the Lorentzian curve, allowing us to estimate the time constant 7 as 11 ms (Fig. S3 in the
Supplementary Information), which is consistent with a previously reported value'®. In contrast, if a current
channel had a large number of noise sources with different characteristic times, the PSDs of the different noise
sources were summed together, resulting in the total noise generated with a different scaling factor'®. For example,
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consider a conducting channel with a large number of noise sources generating Lorentzian noise. If the distribu-
tion function of 7 is proportional to 1/7, the total noise PSD of the channel is proportional to 1/f*>*. Actually, 1/f
noise has been commonly observed in various metallic and semiconducting channels, and different possible noise
sources have been suggested to interpret such noise*>*. For example, an explanation for the 1/f noise in metallic
films, such as the gold film in our work, is the scattering of electrons by mobile defects??. This characteristic fea-
ture of the scaling factors of the noise from MW junctions could be used to qualitatively distinguish the noise of
MW junctions from that of other metallic junctions.

We measured the scaling factor 3 at each point on the C9 patterns to obtain a scaling factor map (Fig. 2e).
Here, the noise PSD was measured in the frequency range of 5.47-173 Hz at each point of the surface and used to
estimate the scaling factors. The scaling factor map shows a clear contrast between the molecular region (3~2.0)
and gold region (8~1.0). We obtained consistent results from all different MW samples presented in this manu-
script, indicating that the scaling analysis of the noise spectra is a simple yet powerful means to identify the noise
generated by MWs. Considering that it is often difficult to distinguish the noise generated by MWs from that gen-
erated by metal electrodes in MW junctions, this result can provide an important tool for the research concerning
charge transport phenomena in MW junctions.

Mapping of mean-square fluctuations of the molecular resistances on SAM patterns comprising
multiple molecular species.  Figure 3a and b show the topography and current images of a molecular pat-
tern comprising three different thiol molecular species with different chain lengths: 1-octanethiol, 1-nonanethiol,
and 1-undecanethiol (C8, C9, and C11). The detailed patterning processes are presented in the methods section.
Briefly, C9 SAMs were first patterned on a gold substrate via the microcontact printing method (the regions in
yellow trapezoids). Then, C8 SAMs (the regions surrounded by red lines) were patterned in a direction perpen-
dicular to the C9 SAMs. Finally, the patterned substrate was dipped in a 0.2 mM solution of C11 molecules such
that the C11 molecules filled up the remaining bare gold region. The topography image shows that the C11 SAMs
were higher than the other SAMs about ~0.4 nm, and the average height difference between the C8 and C9 SAMs
was approximately 0.1 nm, which is consistent with previously reported results!®. The current map shows clear
differences in the current levels between the C8, C9 and C11 regions. An MW with a longer chain length exhib-
ited a lower current level than an MW with a shorter chain length. Previous reports showed that tunnel-currents
through MW SAMs decrease exponentially with increasing molecular lengths, and thus, the current levels were
extremely sensitive to the molecular lengths, which is also consistent with our results'®?>?,

When a conducting probe with a contact area A and a known bias voltage (V) was used to measure the electri-
cal currents (I) through a layer of MWs, the measured junction resistance (R ncion) Of the substrate-MWs-probe
junction can be written using the resistance of a single MW (Ryy,) as follows (considering parallel MWs between
two electrodes):

Rjunction = RMW/(nA) (2)
where 7 represents the number of MWs in the unit area of the MW layer. Inversely, the Ry could be obtained

from the Rion (= V/I) as follows:

Ry = nA(V/I) 3)

In the case of alkanethiol monolayers, the # value has been reported as ~4.65 molecules/nm??’. Here, the con-
tact area A of the conducting probe is still an unknown parameter. However, because we used the same probe to
measure the electrical currents from different MWs (Fig. 3b), the values of A for the measurements on different
MWs were identical, and we could estimate the value of A by using it as a fitting parameter. The red circular
dots in Fig. 3¢ indicate previously reported values of single MW resistance from C8, C9, and C11 MWs?. Using
Eq. (3) with A as a single fitting parameter, the reported resistance values fit our measured data (black square dots
in Fig. 3¢) extremely well. The contact area A estimated from the fitting procedure was ~9.6 nm?, which is also
consistent with the dimension of our conducting probe®.

Using the current map in Fig. 3b and the estimated contact area A, we obtained the map of the single-molecule
resistance values (Ri,qiviqua) 10 the different molecular layers (Fig. 3d). In the remainder of this paper, we indicate
the resistance of the individual MWs (Ryy) as R for simplicity. The single-molecule resistance values of C8, C9
and C11 MWs were ~0.9, 4.5 and 22.5GQ, respectively. The scaling factor (3 of the noise-frequency spectra meas-
ured on these different MW regions exhibited a value of approximately 2.0, indicating that we were measuring the
currents and resistances originating from the MWs rather than metal-metal nanocontacts. In our experiment,
because a single probe was used to measure the resistance values of different MWs under the same conditions, the
possible variation of the MW junctions was minimized, and we can precisely estimate the ratio of the molecular
resistance values of the different MWs in Fig. 3d.

The electrical noise generated in the MW junctions is an important parameter that should determine the
performance of MW-based devices. In addition to the electrical currents, we also measured the map of the elec-
trical current noise in the layers of different MWs (Fig. S4 in the Supplementary Information). Furthermore,
we propose a theoretical model to quantitatively estimate the mean-square fluctuations of the single-molecule
resistances of the MWs. Previous studies suggested that an MW junction can exhibit a Lorentzian resistance fluc-
tuation'>?. For example, the sudden break and reconnection of a bridge molecule in an MW junction can induce
a two-state conductance fluctuation between a conducting and non-conducting state, resulting in the Lorentzian
fluctuation of the junction resistance with a characteristic time 7. At a rather high frequency f, the PSD (S) of
such resistance fluctuations in the MW junction can be written as*
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Figure 3. Mapping of the mean-square fluctuations of molecular resistances <JR?>> on SAM patterns
comprising three different molecular wires with different lengths on a gold substrate: 1-octanethiol (C8),
1-nonanethiol (C9), and 1-undecanethiol (C11). (a) AFM topography image. The areas surrounded by the
red and yellow lines were coated with the SAMs of C8 and C9 molecular wires, respectively. The other regions
were covered with C11 SAMs. (b) Current map. A bias voltage of 5mV was applied between the probe and gold
substrate. (c) Reported (red circles) and measured (black squares) resistance values of individual C8, C9, C11
molecules. (d) Map showing the resistance of individual molecular wires in the SAM patterns. (e) Map showing
the mean-square fluctuations of molecular resistances, <6R?>, obtained from the PSD and current images.
Importantly, we could quantitatively compare the < §R?> values of different molecular wires using the map.

(f) Graph of <6R?> versus the molecular resistance. The <6R?> was proportional to the squared molecular
resistance R%.

Sa(f) = 2<6R*> - —— !

o L+ (f1f,) @

Here, <6R?> and f, are the mean-square fluctuations of the molecular resistance and 1/(27T), respectively.
Previous studies have shown that electrons tunneling through an MW junction can provide energy to the junc-
tion by interacting with phonons®.. Further, it has been suggested that the energy from the tunneling carriers is
the main source of the energy required for the resistance fluctuation of an MW junction, and thus, the rate of the
fluctuations should be proportional to the amount of current through the junction?"*°. Thus, with a constant B,
f, can be written as*
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fo =Bl (5)

Here, I denotes the current through an MW. Using Eq. (5) and the measured values of f, and I, we calculated the
constant B as ~1.3 x 10*Hz/nA. At high-frequency conditions of f/f, >>1, Eq. (4) can be rewritten as

2, 5 BI
Sp(f) = —=(6R") - —
R(f T < ) fz ( 6)
The noise PSD values of the fluctuations of the resistance and current through an MW are related by*
S _ Sulp)
r R @)

and from Eq. (6), <6R?>> can be written as

n_m R Si(f)
(6R>_2 BI I? (8)

Figure 3e shows the map of <¢R*> obtained after using Eq. (8). The S;/I> map in Fig. S4 was used for the calcula-
tion. Because the measured S; and I values should be proportional to the number of MWs (nA) between the probe
and gold?, the measured S;/I* values should be proportional to 1/(nA). Thus, we multiplied the values in the
measured S;/I* map by nA to obtain S;/I* values for an ‘individual’ MW. In addition, the current through a single
MW was obtained by dividing the current values in the measured current map by nA. The <6R?> map shows the
clear differences between the <6R?> levels for different MWs. The <6R?> values in the C8, C9 and C11 regions
were ~7.6 X 107, 6.7 x 108 and 4.8 x 10 Q?, respectively. We are the first to have quantitatively measured and
compared the mean-square fluctuations of the molecular resistances of different MWs, which should be a signif-
icant breakthrough for noise studies on MWs.

Figure 3f shows the <6R?> values as a function of the molecular resistance R. Here, the <6R?> value of the
4-mercaptopyridine (MPD) MW was estimated from the S/I? map measured on an MPD/C9 patterned sample
(Fig. S5 in the Supplementary Information). As indicated by the dashed line, <6R?> was found to be proportional
to the squared molecular resistance (R?) as

<6R*> ~ 0.50 x R? )

Although the MPD and other alkanethiol MWs had completely different molecular chains with different lengths
and structures, they still exhibited a similar behavior. Previous works have shown that the resistance of an insu-
lating MW with length d can be written as’!

R =R, exp(a - d) (10)

Here, R, corresponds to the contact resistance, which should depend on the metal-molecule bonds and the con-
tact between the molecules and AFM probe?!. Because we used the same probe and molecules with the same
thiol bonds, the contact resistance R, should be highly similar for all MWs in the graph?!. The variable « is the
tunneling attenuation factor, which depends only on the chain of the MWs*. From Eq. (10), the mean-square
fluctuation <6R?> of the molecular resistance values, which is responsible for the current noise in the MW junc-
tions, can be written as

2
(6R%) = —(’5Rg ) +d* - (6a%) + oF - (6d7) | - R

R; (11)
Here, the first term originates from the molecular contact resistance and its fluctuations*>**. In our case, because
we used the same AFM probe and MWs with the same thiol bonds, the first term should be highly similar for all
molecular species in Fig. 3f. The second and third terms originate from the properties of the molecular chains and
their fluctuations, such as molecular length fluctuations and chain twisting®*. Because the conjugated MPD and
other alkanethiol MWs in our experiment had different molecular chains, these terms should vary significantly
depending on the molecular species. However, our results indicate that (§R*) oc R even though our molecular
species had quite different chains. This indicates that the electrical noise of the MW junctions in our experiments
mainly originated from the fluctuation of the metal-molecule bonds. Although extensive efforts have been made
to understand the charge transport and noise in MW junctions, the origin of the dominant noise source in the
junctions remains uncertain?'. Our results imply that the electrical noise in MW junctions mainly originates from
the fluctuation of molecular bonds, which is a valuable insight into the transport phenomena of MW-based
devices.

Mapping the spectral noise characteristics of SAM patterns comprising molecular wires with
different chain structures. The spectral analysis of the noise spectrum was used to reveal the more detailed
characteristics of the MW-based junctions (Fig. 4). Figure 4a shows the current map obtained from the patterns
of the conjugated MPDs and alkane chain-based C9 molecules. Because the MPD molecule has conjugated back-
bones with herringbone structures and a shorter chain length than the C9 molecule, the current level of the MPD
regions appeared to be considerably higher than that on the C9 regions. Figure 4b shows the current-normalized
PSD (Sy/P) spectra that were measured in an MPD region (blue line) and a C9 region (red line). Both regions
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Figure 4. Noise spectral characteristics of MPD and C9 molecules. (a) Current map measured on the
patterns of the MPD (yellow region) and C9 (blue region) molecules. (b) Current-normalized PSD spectra of
the MPD (blue lines) and C9 (red lines) molecules and their Lorentzian fittings (black dashed lines). (c) Map
of 7 measured on the patterns of the MPD (blue region) and C9 (orange regions) molecules. The MPD regions
exhibited shorter 7 values (~0.9 ms) than the C9 regions (~12 ms), indicating more frequent bond fluctuations
on the MPD molecular junctions. (d) Map of the proportional factor B measured on the patterns of the MPD
(red or yellow regions) and C9 (blue or emerald region) molecules. The MPD region exhibited higher B values
than the C9 region, implying that the bond-fluctuation events with the same currents occur more frequently in
the MPD molecules than in the C9 molecules.

exhibited 1/f noise characteristics. The PSD spectra on the MPD and C9 regions were fitted well using Lorentzian
curves (black dashed lines) with fitting parameters 7 of ~1.3ms and 11.5 ms, respectively. The results are com-
patible with previously reported values'>*. Here, the fitting parameter 7 is the characteristic time, which should
be proportional to the mean time interval between each bond-fluctuation event. Thus, the shorter 7 of the MPD
molecules indicated that the bond-fluctuation events occurred more frequently in the MPD molecules than
the C9 molecules. One plausible explanation is the larger currents in the MPD molecular regions because the
energy needed for the bond fluctuations is largely provided by the current passing through the MW junctions®"*.
Furthermore, the relatively low packing density and rather high defect densities of the MPD layers may have
contributed to more frequent bond fluctuations?!.

For a more detailed analysis, we obtained the map of 7 on the molecular layers (Fig. 4c). By inserting Eq. (5)
and the fitting results from Eq. (9) into Eq. (8), 7 can be written as

__050 1 [S_cﬂ]
7'1'2 f2 12

Utilizing above equation, we could calculate 7 on each point of the MPD/C9 patterns to obtain a 7 map (Fig. 4c)
from the PSD and current maps. The averaged 7 values on the MPD and C9 regions were ~0.9 and 12 ms, respec-
tively. Although the fitting processes were quite different, the 7 values estimated from the S;/I* values in the noise
mapping data were comparable to the 7 values estimated from the fitting of the noise spectra in Fig. 4b, indicating
the reliability of our analysis method. The map shows that the molecular bonds in the MPD layers fluctuate more
frequently than those in the C9 layers. The map of 7 can also be used to distinguish some alkanethiol molecules.
The 7 map for the patterns of C8, C9, and C11 (Fig. S6) shows that the C8 and C9 layers had more frequent bond
fluctuations than the C11 layer. Because alkanethiol molecules with longer alkane chains have larger chain-chain
interactions than alkanethiol molecules with shorter chains, they likely formed well-ordered lattice structures
on the solid substrates and exhibited a reduced frequency of bond fluctuations®. These results show that the 7
mapping can be a useful tool to discriminate between the different molecular species and their stability on solid
substrates.

Because the fluctuations in the MW junctions were mainly triggered by the currents, as described in Eq.
(5)213% 7 can be written as

(12)
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T=1/Q2nf,) =1/2nBI) (13)

Here, the proportionality factor B represents the frequency of the molecular bond fluctuations when a specific
amount of electrical current passes through, and thus, it can be a useful characteristic parameter for demonstrat-
ing the noise properties of specific MWs. We estimated the map of B on the MPD/C9 patterns using the 7 map,
the current map and Eq. (13) (Fig. 4d). The average values of B in the MPD and C9 regions were ~1.52 x 10° and
1.29 x 10°Hz/nA, respectively. These results indicate that with the same amount of current, the molecular bonds
of the MPD molecules fluctuate more frequently than those of the C9 molecules. A previous study suggested that
the characteristic frequency of the noise in molecular layers will depend on how densely the molecules cover the
gold substrate?!. For example, in case of a densely packed molecular layer, the lateral motion of the Au-S bonds
was hindered, and the number of bond-fluctuation events per unit-time was reduced compared to a loosely
packed molecular layer?!?. It was also reported that the packing density of the MPD molecule with a pyridine
ring is lower than that of the C9 molecule®”. Thus, the higher B value of the MPD molecule in our data could be
attributed to the lower packing density of the MPD molecules than that of the C9 molecules. Our results illustrate
that we can expect more molecular bond fluctuations and thus electrical noise with a higher frequency in the
MPD-based electrical junctions than in the C9-based electrical junctions. The noise characteristics of the MWs
directly affect the quality of the MW junctions and eventually determine the performance of the MW-based
devices. Our method allowed us to quantitatively compare the characteristic parameters determining the electri-
cal noise in MW junctions and even identify the MW species with lower noise under the same conditions. These
results should provide an important guideline for developing low-noise molecular electronic devices.

In summary, we have developed a noise mapping strategy for the reliable identification and analysis of electri-
cal noise in MW junctions. In this strategy, we patterned different MWs on the same gold substrate and placed a
conductive AFM probe on the pattern to measure the electrical currents and noise PSD spectra simultaneously.
By scanning the probe above the MW patterns during the measurement, maps of the electrical currents and noise
PSDs were obtained and used for the comparative analysis of the electrical resistance values and the noise char-
acteristic parameters in different MWs, respectively. Importantly, we observed a characteristic 1/f* noise behav-
ior in the noise PSDs measured from the MW junction, whereas a simple metallic junction exhibited a typical
1/f noise behavior. This characteristic behavior was used to qualitatively distinguish the electrical signals of the
MW junctions from those of metallic junctions. In addition, we successfully mapped the mean-square fluctua-
tions <6R>> of the molecular resistances in thiol MW junctions and found that <6R?> was proportional to the
squared molecular resistance R? indicating that the noise in the junctions originated mainly from the fluctuation
of the thiol bonds on the Au electrode surface. Furthermore, we quantitatively compared the frequency of such
bond-fluctuation events and identified MW with lower electrical noise, which could be an important guideline
for designing low-noise molecular electronic devices. Considering that it has been extremely difficult and time
consuming to measure the noise characteristics of MWs reliably in the past, our strategy can be a powerful tool
and should be a significant breakthrough for the basic research and device applications of MW-based devices.

Methods

Preparation of a self-assembled monolayer based on molecular wires.  As a substrate, gold films
were prepared on SiO, substrates using a thermal evaporation method. Typically, 10 nm of Ti was first depos-
ited as an adhesion layer with a background pressure of approximately 3 x 10~ Torr and a deposition rate of
~1kA/s. Then, a 30 nm layer of gold was deposited with the same background pressure and a deposition rate of
~2kA/s. The substances for molecular wires, including the mercaptopyridine and all alkanethiol molecules, were
purchased from Aldrich. The SAM patterns of the molecular wires were prepared via the microcontact printing
method as reported previously'”. In this process, a polydimethylsiloxane (PDMS) stamp was first dipped in a solu-
tion of the specific molecular wires (2mM in ethanol) for 1 min and blown with N, for 10s. Then, the stamp was
pressed down on a gold substrate for 3 s such that the molecules were transferred from the stamp to the substrate
and formed the SAM patterns of the molecular wires. The SAM patterns of the multiple molecular wires, such as
those in Fig. 3, could be prepared by repeating the stamping processes using different molecular wires.

Mapping of the electrical currents and noise spectra. A conductive AFM (XE-70, Park Systems)
in contact mode with a feedback loop was used with a conductive AFM probe based on Pt (25Pt300B from
Park Systems, spring constant ~18 N/m) to map the electrical currents and noise spectra of the SAM patterns
of the molecular wires. During the measurement process, the probe first made direct contact on the SAM with
a contact force of ~1 pN, and then, a bias voltage was applied between the probe and underlying gold substrate
using a function generator (DS345, Stanford Research Systems). During the measurements, the contact force
between the AFM probe and sample was maintained at 1 pN using the contact force feedback loop based on a
position-sensitive photo detector in the AFM system. The electrical currents through the probe were converted
to amplified voltage signals by a low-noise preamplifier (SR570, Stanford Research Systems), and the noise PSD at
a specific frequency range was measured by a homemade spectrum analyzer. The homemade spectrum analyzer
consists of a band-pass filter and an RMS-DC converter. We used the band-pass filter included in the preamplifier
SR570 to measure the signal within the desired frequency range. We built the RMS-DC converter circuit using an
AD737 chip (Analog Devices). Finally, the noise PSD value at the central frequency of the measured frequency
range was obtained by dividing the converted DC signals by the bandwidth of the used filter. The map of the
electrical currents and noise PSDs was obtained by scanning the probe during the measurements with the AFM
feedback on. The typical scanning speed was 0.5 um/s. To achieve reliable mapping of PSD values at a specific
frequency, the probe was held on each pixel of the sample for approximately 200 ms, and the data measured dur-
ing the time period were averaged. For the measurement of the PSD spectra at different frequencies as shown in

SCIENTIFICREPORTS | 7:43411 | DOI: 10.1038/srep43411 8



www.nature.com/scientificreports/

Fig. 2d, the probe was maintained at a specific point on the sample for 25, with feedback on for ~2 s, while meas-
uring the currents through the probe, and an FFT network analyzer (SR770, Stanford Research Systems) was used
to obtain the PSD spectra from the measured currents at different frequencies during the time period.

References
1. Kushmerick, J. G. et al. Metal-molecule contacts and charge transport across monomolecular layers: measurement and theory. Phys.
Rev. Lett. 89, 086802 (2002).
. Nitzan, A. & Ratner, M. A. Electron transport in molecular wire junctions. Science 300, 1384-1389 (2003).
. Tao, N.J. Electron transport in molecular junctions. Nat. Nanotechnol. 1, 173-181 (2006).
. Song, H. et al. Observation of molecular orbital gating. Nature 462, 1039-1043 (2009).
. Aradhya, S. V. & Venkataraman, L. Single-molecule junctions beyond electronic transport. Nat. Nanotechnol. 8, 399-410 (2013).
. Xiang, D. et al. Three-terminal single-molecule junctions formed by mechanically controllable break junctions with side gating.
Nano Lett. 13,2809-2813 (2013).
7. Xiang, D., Jeong, H., Lee, T. & Mayer, D. Mechanically controllable break junctions for molecular electronics. Adv. Mater. 25,
4845-4867 (2013).
8. Kim, T. et al. Determination of energy level alignment and coupling strength in 4,4'-bipyridine single-molecule junctions. Nano
Lett. 14, 794-798 (2014).
9. White, A. ., Tretiak, S. & Galperin, M. Raman scattering in molecular junctions: a pseudoparticle formulation. Nano Lett. 14,
699-703 (2014).
10. Su, T. A, Li, H., Steigerwald, M. L., Venkataraman, L. & Nuckolls, C. Stereoelectronic switching in single-molecule junctions. Nature
Chem. 7,215-220 (2015).
11. Li, H. et al. Electric field breakdown in single molecule junctions. J. Am. Chem. Soc. 137, 5028-5033 (2015).
12. Clement, N., Pleutin, S., Seitz, O., Lenfant, S. & Vuillaume, D. 1/fA~ tunnel current noise through Si-bound alkyl monolayers. Phys.
Rev. B 76, 205407 (2007).
13. Kim, Y., Song, H., Kim, D., Lee, T. & Jeong, H. Noise characteristics of charge tunneling via localized states in metal-molecule-metal
junctions. Acs Nano 4, 4426-4430 (2010).
14. Adak, O. et al. Flicker noise as a probe of electronic interaction at metal-single molecule interfaces. Nano Lett. 15, 4143-4149
(2015).
15. Ochs, R, Secker, D, Elbing, M., Mayor, M. & Weber, H. B. Fast temporal fluctuations in single-molecule junctions. Faraday Discuss.
131, 281-289 (2006).
16. Scaini, D., Castronovo, M., Casalis, L. & Scoles, G. Electron transfer mediating properties of hydrocarbons as a function of chain
length: a differential scanning conductive tip atomic force microscopy investigation. Acs Nano 2, 507-515 (2008).
17. Wilbur, J. L., Kumar, A., Kim, E. & Whitesides, G. M. Microfabrication by microcontact printing of self-assembled monolayers. Adv.
Mater. 6, 600-604 (1994).
18. Liu, G.-Y,, Xu, S. & Qian, Y. Nanofabrication of self-assembled monolayers using scanning probe lithography. Acc. Chem. Res. 33,
457-466 (2000).
19. Sung, M. G. et al. Scanning noise microscopy on graphene devices. Acs Nano 5, 8620-8628 (2011).
20. Kogan, S. Electronic Noise and Fluctuations in Solids. Cambridge University Press (1996).
21. Xiang, D., Lee, T., Kim, Y., Mei, T. & Wang, Q. Origin of discrete current fluctuations in a single molecule junction. Nanoscale 6,
13396-13401 (2014).
22. Hooge, E N. 1/f noise sources. IEEE Trans. Electron Dev. 41, 1926-1935 (1994).
23. Milotti, E. 1/f noise: a pedagogical review. Preprint at http://arXiv.org/abs/physics/0204033 (2002).
24. Pellegrini, B., Saletti, R., Terreni, P. & Prudenziati, M. 1/ noise in thick-film resistors as an effect of tunnel and thermally activated
emissions, from measures versus frequency and temperature. Phys. Rev. B 27, 1233-1243 (1983).
25. Wang, W. Y, Lee, T. & Reed, M. A. Mechanism of electron conduction in self-assembled alkanethiol monolayer devices. Phys. Rev.
B 68, 035416 (2003).
26. Thuo, M. M. et al. Odd—even effects in charge transport across self-assembled monolayers. J. Am. Chem. Soc. 133, 2962-2975
(2011).
27. Poirier, G. E. & Tarlov, M. J. The c(4x2) superlattice of n-alkanethiol monolayers self-assembled on Au(111). Langmuir 10,
2853-2856 (1994).
28. McCreery, R. L. Molecular electronic junctions. Chem. Mater. 16, 4477-4496 (2004).
29. Pérez-Madrigal, M. M., Giannotti, M. L, Armelin, E., Sanz, F. & Aleman, C. Electronic, electric and electrochemical properties of
bioactive nanomembranes made of polythiophene:thermoplastic polyurethane. Polym. Chem. 5, 1248-1257 (2014).
30. Sydoruk, V. A. et al. Noise and transport characterization of single molecular break junctions with individual molecule. J. Appl. Phys.
112, 014908 (2012).
31. Kim, B,, Beebe, J. M., Jun, Y., Zhu, X.-Y. & Frisbie, C. D. Correlation between HOMO alignment and contact resistance in molecular
junctions: aromatic thiols versus aromatic isocyanides. J. Am. Chem. Soc. 128, 4970-4971 (2006).
32. Ramachandran, G. K. et al. A bond-fluctuation mechanism for stochastic switching in wired molecules Science 300, 1413-1416
(2003).
33. Huang, Z., Chen, E, Bennett, P. A. & Tao, N. Single molecule junctions formed via Au—thiol contact: stability and breakdown
mechanism. J. Am. Chem. Soc. 129, 13225-13231 (2007).
34. Patrone, L. et al. Evidence of the key role of metal-molecule bonding in metal-molecule-metal transport experiments. Phys. Rev.
Lett. 91, 096802 (2003).
35. Lio, A., Charych, D. H. & Salmeron, M. Comparative atomic force microscopy study of the chain length dependence of frictional
properties of alkanethiols on gold and alkylsilanes on mica. J. Phys. Chem. B 101, 3800-3805 (1997).
36. Donhauser, Z.]. et al. Conductance switching in single molecules through conformational changes. Science 292, 2303-2307 (2001).
37. Sawaguchi, T., Mizutani, F. & Taniguchi, I. Direct observation of 4-mercaptopyridine and bis(4-pyridyl) disulfide monolayers on
Au(111) in perchloric acid solution using in situ scanning tunneling microscopy. Langmuir 14, 3565-3569 (1998).

QN U W N

Acknowledgements

This work was supported by the BioNano Health-Guard Research Center funded by the Ministry of Science, ICT
and the Future Planning (MSIP) of Korea as Global Frontier Project (No. H-GUARD_2013M3A6B2078961). S.H.
also acknowledges the support from NRF grants (Nos 2014M3A7B4051591 and 2015M3C1A3002152).

Author Contributions

D.C. designed and performed the experiments and analyses. H.L. contributed to the noise microscopy setup. S.S.,
M.Y. and J.Y.P. discussed and commented on the results. S.H. planned and supervised the project. All authors
contributed to writing the manuscript and have approved the final version.

SCIENTIFICREPORTS | 7:43411 | DOI: 10.1038/srep43411 9


http://arXiv.org/abs/physics/0204033

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Cho, D. et al. Direct mapping of electrical noise sources in molecular wire-based
devices. Sci. Rep. 7,43411; doi: 10.1038/srep43411 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

2 or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:43411 | DOI: 10.1038/srep43411 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Direct mapping of electrical noise sources in molecular wire-based devices
	Introduction
	Results and Discussion
	Experimental setup
	Characteristic scaling behavior of current noise in molecular wire-metal probe junctions
	Mapping of mean-square fluctuations of the molecular resistances on SAM patterns comprising multiple molecular species
	Mapping the spectral noise characteristics of SAM patterns comprising molecular wires with different chain structures

	Methods
	Preparation of a self-assembled monolayer based on molecular wires
	Mapping of the electrical currents and noise spectra

	Additional Information
	Acknowledgements
	References




