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ABSTRACT We report the noise characteristics of charge transport through an alkyl-based

metal —molecule—metal junction. Measurements of the 1/f noise, random telegraph noise, and shot noise

demonstrated the existence of localized traps in the molecular junctions. These three noise measurements

exhibited results consistent with trap-mediated tunneling activated over ~0.4 V by trapping and detrapping

processes via localized states (or defects). The noise characterizations will be useful in evaluating the influences

of localized states on charge transport in molecular or other electronic junctions.
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hen the feature size of an active

component of an electronic de-

vice shrinks to the molecular
scale, it is expected that the device charac-
teristics will become more vulnerable to
fluctuations or noise in the molecular sys-
tem, owing to imperfections in the molecu-
lar layers on both the metallic electrodes
and the metal—molecule interfaces.'? Al-
though significant progress has been made
in investigating the charge transport char-
acteristics of metal—molecule—metal
junctions,>~ there have been very few
studies on the noise characteristics of mo-
lecular systems.®” Current noise has a uni-
versal role in the charge transport and de-
fect characterization of electronic systems.
Thus, noise measurements can provide im-
portant insights into charge transport
through metal—molecule—metal junc-
tions, particularly regarding localized states
in the molecular tunnel barriers, which are
very difficult to examine by conventional
current—voltage measurements.®

Here, we report a detailed study on the

noise characterization of metal—molecule—
metal junctions. Specifically, we examined
1/f noise (at low frequency), random tele-
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graph noise (RTN), and shot noise (at high
frequency) characteristics using an alkyl-
based molecular junction, demonstrating
the effect of localized states on charge
transport through molecular junctions. In
this study, the main emphasis is on the veri-
fication of defective molecular junctions by
examination of the consistent features from
the results of the three noise types based
on the existence of the localized states at
room temperature.

RESULTS AND DISCUSSION

Figure T1a illustrates a device structure
in which 1,6-hexanedithiol [SH-(CH,)s-SH,
denoted as HDT] molecules self-assembled
between two gold electrodes to form
metal—molecule—metal junctions.’ The
junction diameter was estimated to be
~100 nm from a scanning electron micros-
copy image as shown in Figure 1b (see
Methods). We have investigated 16 devices
containing localized states, among ~400
devices which were estimated as well-
defined metal—molecule—metal junctions.
We note that the probability (16/400 = 4%)
to observe such defective metal—mol-
ecule—metal junction devices is well consis-
tent with the previous results obtained
from temperature—variable
current—voltage measurements.® Figure 1c
schematically illustrates the details of the
measurement setup. We used a ground-
isolated 16-bit analog-digital converter
(ADC) to detect the RTN. A battery-powered
low-noise current amplifier (Ithaco 1211)
was used for all measurements. Low fre-
quency current noise and shot noise were
measured using a spectrum analyzer (Stan-
ford Research SR780). The instrumental
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Figure 1. (a) Schematic diagram of the molecular device structure with a molecular structure of hexanedithiol. (b) Magni-
fied image of an array of 20 bottom electrodes. The inset shows a nanowell with a junction diameter of 100 nm, made by
electron-beam lithography. Prior to deposit of the common top electrode (not shown here), self-assembled monolayers are
formed into the nanowells. (c) Schematic picture of the measurement setup. All the grounds of the system are isolated to re-
move ground-loops (tilted double-lines), and the device is filtered against RF interference by using shielding. The connec-
tions between PC and instruments are made with GPIB cables (blue solid line) while the connections between PC and AD/

DAC are USB cable (blue dashed line).

setup was calibrated prior to the noise measurement
by measuring the equilibrium Johnson—Nyquist volt-
age noise, Sy = 4kgRT, as a function of temperature T,
where kg is the Boltzmann constant and R is the sample
resistance.'®"’

The low frequency current noise power spectrum
of the Au—HDT—Au junction at different voltages (from
0.2 to 1.0 V) is shown in Figure 2. Low frequency 1/f
noise measurement is a powerful tool for characteriz-
ing defects in electronic devices.'? All of the spectra fol-
low a 1/f (up to ~20 Hz) or 1/f? (above ~20 Hz) power
law depending on the frequency, which indicates a su-
perposition of 1/f and generation-recombination (GR)
noise (Lorentzian distribution), as follows:""'?
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Figure 2. Low frequency power spectrum current noise of
Au—HDT—Au junction. Inset shows the voltage dependence
of the normalized power spectrum current noise at fre-
quency f = 10 Hz, indicating a localization of defects.
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A is the amplitude of the 1/f noise, B; is the amplitude
of the GR noise caused by defects, fy; is the cutoff fre-
quency of the GR noise, and 7; is the lifetime of the car-
riers. The Lorentzian distribution in the low frequency
noise spectra results from the processes of trapping/de-
trapping of charge carriers into/from localized states in
the molecular junction.'® The voltage dependence of
the normalized current noise power spectrum (S,//%) at
a frequency of 10 Hz is shown in the inset of Figure 2.
The normalized noise spectra display exponential de-
creases below ~0.4 V (blue lines), whereas local in-
creases, fit to a Gaussian distribution (red lines), are ob-
served in the bias range V = ~0.4 V. More similar noise
characteristics measured from other devices are pre-
sented in the Supporting Information (Figure S2). These
local Gaussian-shaped bumps from the low frequency
current noise can be explained by a model of a two-
level tunneling system, such as asymmetric double-
barrier tunneling.” The local Gaussian-shaped bumps
occur due to the localization of defects; if the defects
are distributed uniformly, the normalized power spec-
trum will be distributed linearly without showing a lo-
cal bump (see Figure S3 in the Supporting
Information).”->1¢

We also measured time-dependent current fluctua-
tions, referred to as random telegraph noise (RTN). Mea-
suring RTN enables the investigation of traps in nano-
scale devices."'”'® In Figure 3a, current traces were
recorded for 0.7 s at room temperature as a function
of the applied voltage, and the corresponding histo-
grams of the current fluctuation data are plotted in Fig-
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Figure 3. (a) Time-dependent two-level RTNs of Au—HDT—Au junction. RTNs were recorded at 21875 points at a sampling
rate of 3 ps/point at room temperature for 0.7 s. (b) Corresponding histograms for the RTNs. The histograms are fitted with
Gaussian peaks where green and red lines indicate trapping and detrapping events, respectively. (c) Schematic energy band
diagrams of the molecular junction with a single localized trap.

ure 3b. We observed a discrete temporal fluctuation,
stochastically caused by the trapping and detrapping
process of some charges within a bunch of charges via
localized states; the down state (low-current level) cor-
responds to trapping, and the up state (high-current
level) corresponds to detrapping. In Figure 3b, the his-
tograms were fit to Gaussian functions, where green
and red lines indicate trapping and detrapping events,
respectively. We found that the two-level current fluc-
tuation appears at V = ~0.4 V. Figure 3c illustrates the
energy band structure of a molecular junction with a lo-
calized trap, at different applied voltages. At 0.4V, the
trapping events prevail, which can result from the
charging effect on a localized state in the molecular bar-
rier. By contrast, the detrapping process became pre-
dominant with increasing bias (above 0.6 V), which im-
plies that the large potential difference can lead to re-
emission of the trapped charge carriers. Other RTN data
which do not contain the localized states are presented
in the Supporting Information (Figure S3).
Furthermore, we performed frequency-independent
shot noise measurements to probe the existence of the
localized states in the molecular junction. The shot
noise is the result of current fluctuations induced by
the discrete charges, and is highly dependent on the
correlations between the tunneling charges in the mo-
lecular junction.®® The processes of charge trapping
and detrapping via localized states play an important
role in shot noise because a trapped carrier can behave
like a fixed charge, and this trapped carrier thus signifi-
cantly influences the correlations among the charge
carriers flowing through the molecular junction.
The shot noise characteristics can be described in
terms of the Fano factor (F), defined as F =
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Si/2e|l|coth(eV/2ksT).>'® In the absence of a correlation
between tunneling charges (see Supporting Informa-
tion), the Fano factor would indicate full shot noise, F
= 1, and super-Poissonian shot noise, F > 1, is associ-
ated with a correlation between tunneling charges re-
sulting from Coulomb repulsion and scattering.®*°
Figure 4 shows the results of shot noise measure-
ment for Au—HDT—Au junctions. The Fano factor indi-
cates full shot noise (F = 1) in the low bias region below
~0.4V, indicating uncorrelated transport, and at ~0.4
V it increases to super-Poissonian shot noise (F > 1).
Such shot noise enhancement can be understood as
follows. If there are a few localized states (two or more)
within the molecular junction, the Coulomb energy,
U~e?/(4me,eqr), between the localized states becomes
high enough to detect the fluctuations at room temper-
ature, where r is the distance between the localized
states, g, is the relative permittivity of alkanethiol
monolayers,®'?? and g, is the permittivity of free space.
In this molecular system, charge carriers can tunnel
through the molecular barrier without correlations
when the localized states are not activated in the mo-
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Figure 4. The Fano factor (F) as a function of the applied
voltage. The super-Poissonian shot noise (F > 1) is observed
at V= 0.4 V. Inset shows the plot of the measured shot
noise and 2el as a function of the applied voltage.
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lecular junction, in the low bias region below ~0.4V,
thus exhibiting full shot noise (F = 1). However, when
a localized state starts to be charged at ~0.4 V, other
energy levels of localized states can be shifted by Cou-
lomb interaction between the localized states. If the de-
formed energy of localized states approaches the Fermi
level, it is discharged and the current increases via the
localized states nearly aligned to the Fermi level as
quasi-resonance. As a result, the fluctuation is increased
and the shot noise is enhanced to super-Poissonian
shot noise (F > 1).22~%°

From the three different noise measurements, we
consistently observed the existence of localized states
in the molecular nanowell junctions. The localized
states can be formed by defects that may be uninten-

METHODS

Device Fabrication. The detail fabrication is as following. The
bottom electrodes (5 nm Ti/50 nm Au) are deposited using an
electron beam evaporator on a silicon wafer with a 500 nm thick
layer of SiO, by standard photolithography and lift-off process.
The bottom electrodes are arrayed in the center of the device
structure connected with probe contact pads in the outer sides,
as shown in Figure 1b. A 50 nm thick Si;N,4 film was then depos-
ited using plasma-enhanced chemical vapor deposition (PECVD)
on the silicon wafer that had the prepatterned bottom elec-
trodes for device isolation. Then electron-beam lithography and
reactive ion etching (RIE) process were used to form nanowell
structures through the Si;N, layer.?® After cleaning with piranha
solution (30% hydrogen peroxide added to 66% sulfuric acid in a
ratio of 1:3), we immersed the wafer into a solution of alkane-
thiol (from Sigma-Aldrich) to assemble the 1,6-hexanedithiol
(HDT) [HS(CH,)sSH] monolayer on the exposed Au surface of the
bottom electrode. For molecular deposition, a 5 mM solution of
alkanethiol was prepared in 10 mL of ethanol. The deposition
was done on Au surface in solution for 1—2 days inside a
nitrogen-filled glovebox with an oxygen level less than 10 ppm
to avoid unintentional incorporation of impurities in the devices.
Each sample was then rinsed with a few milliliters of ethanol
and gently blown dry in a stream of nitrogen to remove nonco-
valently attached alkanethiol molecules on the Au surface. As the
last step, the common top electrode (50-nm-thick Au) was de-
posited using a shadow mask.?° 32
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