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Abstract

Electron tunneling is investigated for the alkanethiol self-assembled monolayers (SAMs) formed using three different device
structures spanning from the nanometer to the micrometer scale. The measured current-voltage characteristics for the alkanethiol
SAMs can be explained by the classical metal-insulator-metal tunneling model and the tunneling current exhibits overall expo-
nential trend on the molecular length. Although different structures give consistent results (such as decay coefficient), unambiguous
determination of the tunneling requires characterization of length and temperature dependencies.
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1. Introduction

Characterization of charge transport in molecular
scale electronic devices has to date shown exquisite
sensitivity to specifics of device fabrication and prepa-
ration. Thus, intrinsic molecular band structure has
been problematic to extract from published results. Here
we investigate cross-platform device characterization
through a large bandgap alkanethiol self-assembled
monolayer (SAM) devices fabricated in different meth-
ods and platforms.

When a molecular layer with a large HOMO-LUMO
gap (HOMO: highest occupied molecular orbital,
LUMO: lowest unoccupied molecular orbital) is sand-
wiched between two metal contacts, a well-defined me-
tal-insulator-metal (M—-I-M) tunneling is expected. One
molecular system that has been studied extensively is the
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alkanethiol [CH3(CH;),_;SH] SAM [1]. Scanning tun-
neling microscopy [2], conducting atomic force micro-
scopy (CAFM) [3,4], mercury-drop junctions [5,6], and
cross-wire junctions [7] have been used to investigate
electron transport through alkanethiol SAMs. The elec-
tron conduction through alkanethiol SAMs is expected
to be tunneling because the Fermi levels of the contacts
lie within the large HOMO-LUMO gap (~8 V) of short
molecular length (1-2.5 nm) for the case of these al-
kanethiols [8]. Although it has been recently shown that
tunneling is the main conduction mechanism through the
alkanethiol SAMs from temperature-independent cur-
rent-voltage [I(7)] measurement results [8], the tunnel-
ing current densities and the electrical parameters
determining the tunneling characteristics such as the
tunneling barrier height and the decay coefficient vary
among the different measurement techniques [2-6,8]
which can be due to different geometry, junction area
uncertainty, and device-to-device variation.

In this study, tunneling characteristics through alka-
nethiol SAMs are investigated using three types of de-
vice structures: nanometer scale and micrometer scale
device structures and a structure for CAFM study. The
measured I(V) data are compared with theoretical cal-
culations of the M-I-M tunneling model. 7(¥) mea-
surements on various alkanethiols of different molecular
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lengths are also performed for the study of length-
dependent tunneling behavior.

2. Experimental
2.1. Alkanethiol deposition

For our experiments, a ~ 5 mM alkanethiol solution
was prepared by adding ~10 pl alkanethiols into 10 ml
ethanol. The deposition was done in solution for 1-2
days inside nitrogen filled glove box with an oxygen level
of less than 100 ppm (or 1 ppm). Alkanethiols of dif-
ferent molecular lengths: octanethiol [CH3(CH,);SH;
denoted as C8, for the number of alkyl units], deca-
nethiol [CH;3(CH,)9SH; C10], dodecanethiol [CHj
(CHy);1SH; C12], tetradecanethiol [CH3(CH;);3SH;
C14], hexadecanethiol [CH3(CH,),sSH; C16] were used
to form the active molecular component. As a repre-
sentative example, the chemical structure of octanethiol
is shown in Fig. 1(a).

2.2. Device fabrication

Electrical transport measurements on alkanethiol
SAMs were performed using three types of nanoscale or

(a)

Alkanethiol

microscale device structures, as schematically illustrated
in Fig. 1. The first type [Fig. 1(a)] is a nanoscale device
structure, similar to one reported previously [9]. The
average diameter of device size [circled in Fig. 1(a)] was
determined to be ~45 nm from scanning electron
microscope (SEM) images [8]. The second type [Fig.
I(b)] is a microscale device structure fabricated by
conventional microlithography. The junction diameter
of the microscale devices was determined as 960 = 60 nm
from AFM images on various devices.

For these two types of devices, after alkanethiol SAMs
were formed on the exposed Au surfaces, the other Au
contact (~100 nm Au) was made by thermal evaporation
(under the pressure of ~10~% Torr) while liquid nitro-
gen was kept flowing through the cooling stage in order to
avoid thermal damage to the molecular layer [8,10].
The devices were then subsequently packaged and loaded
into a Janis cryostat. Variable temperature two-terminal
I(V) measurements were performed using semiconductor
parameter analyzer (HP4145B or Agilent 4156B).

Alkanethiol SAMs were also deposited on the third
type of device structure [Fig. 1(c)]: atomically flat Au
surfaces (Au/Cr/glass) prepared by hydrogen flame
annealing. The CAFM technique [3,4] was utilized to
perform the /(7)) measurements on this structure at room
temperature in ambient environment, as illustrated in

(b)

Silicon wafer

©) Au-coated AFM probe

Fig. 1. Schematics of three types of device structures used in this study. (a) Nanoscale device. Top schematic is the cross-section of a silicon wafer with
a nanometer scale pore etched through a suspended silicon nitride membrane. Middle and bottom schematics show a Au/SAM/Au junction (area ~45
nm in diameter) formed in the pore area. The structure of octanethiol is shown as an example. (b) Microscale device structures. The junction area is
~960 nm in diameter. (c) Schematics illustrating conducting atomic force microscopy study on alkanethiol SAMs formed on atomically flat Au

surface.
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Fig. 1(c) [I1]. CAFM I(¥V) measurements were per-
formed using an external electronic unit (HP4145B
semiconductor parameter analyzer) by connecting it to
the conducting AFM probe and the sample in study.

3. Results
3.1. Method 1. Nanoscale devices

Fig. 2 shows representative /(7)) characteristics of C8,
C12, and C16 SAMs measured (symbols) with the device
structure as shown in Fig. 1(a). By using the contact
area of 4512 nm (for C12 and C16 devices) [8] and
50 £8 nm (for C8 device) in diameter, current densities
of 31,000 % 10,000, 1500 200, and 23+2 A/cm? at 1.0
V are determined for C8, C12, and C16, respectively.
From the temperature-independent current—voltage
measurement results, tunneling was shown to be the
main conduction mechanism occurring through alka-
nethiol SAMs, as seen for M-I-M tunneling [8]. The
simplest model to describe the M—I-M tunneling char-
acteristics is the Simmons model [12,13]. The Simmons
model expresses the tunneling current density through a
barrier in the tunneling regime as [5,8,12]

e eV

/= <4n2hd2){(%7)
202m)'? eV \ 2 eV
xexp[—%a(be—?) d —((PB-i-?)

12 12
xexp[—@u(fpg—i—%) d]}, (1)

where m is electron mass, d is barrier width, @ is barrier
height, ¥ is the applied bias, 4 (= 2n#) is Planck’s con-
stant, and o is a unitless adjustable parameter that is
introduced to modify the simple rectangular barrier
model or to account for an effective mass [5,8]. a =1
corresponds to the case for a rectangular barrier and
bare electron mass, and has been previously shown not to
fit 7(V') data well for some alkanethiol measurements [5].

From Eq. (1) by adjusting two parameters ®g and o,
a nonlinear least square fitting can be performed to fit
the measured /(V) data. The best fitting parameters
(minimized y?) for the /() data were found to be {®p =
1.83 +£0.10 eV and 2 = 0.61 +0.01}, {®g = 1.42 £ 0.04
eVand « =0.65+0.01}, and {&#g = 1.40 £0.03 eV and
o=0.68£0.01} for C8, Cl2, and Cl6 I(V) data,
respectively, where the error ranges of &g and o are
dominated by potential device size fluctuations. These
calculation results are plotted as solid curves in Fig. 2.

The physical meaning of o provides a way of applying
the tunneling model of a rectangular barrier to tunneling
either through a nonrectangular barrier [5], a proposed
effective mass (m*) of the tunneling electrons through
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Fig. 2. I(V) characteristics of C8, C12, and C16 SAMs formed on
device structure shown in Fig. 1(a). Measured data (symbols) are
compared with calculations (solid curves) using the optimum fitting
parameters of @ and o (see text).

the molecules [4,8,14], or a combination of both. m*
(= o?) corresponds to 0.37, 0.42, and 0.46 m for CS8,
C12, and C16, respectively from the obtained « values.

The conductance of tunneling characteristics through

alkanethiol SAMs is exponentially dependent on the
barrier width d as [2-6,8,15]
G x exp(—pd), (2)
where f is a decay coefficient that is a bias-dependent
quantity [8,16]. Fig. 3(a) is a log plot of tunneling cur-
rent densities at various voltages as a function of the
molecular length (tunneling barrier width) for these al-
kanethiols. The molecular lengths used in this plot are
13.3, 18.2, and 23.2 A for C8, C12, and C16, respectively
(each molecular length was determined by adding an
Au-thiol bonding length to the length of molecule). Note
that these lengths implicitly assume “through-bond”
tunneling, that is, along the tilted molecular chains be-
tween the metal contacts [3].

As seen in Fig. 3(a), the tunneling current densities
show exponential dependence on molecular length. The
f values can be determined from the slope at each bias
and are plotted in Fig. 3(b). This gives a § value from
0.84 to 0.73 A~! in the bias range from 0.1 to 1.0 V.
value decreases as bias increases especially when bias
becomes larger than 0.5 V, which results from barrier
lowering effect due to the applied bias. As shown pre-
viously, the f values are almost independent of bias in
the low bias range (especially V' <~ 0.5 V) [8], which
gives an average = 0.83+0.04 A~! in the low bias
region (from 0 to 0.5 V) from Fig. 3(b).

The f values for alkanethiols obtained by various
experimental techniques have previously been reported
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Fig. 3. (a) Log plot of tunneling current densities for nanoscale alka-
nethiol SAM devices as a function of molecular lengths. The lines
through the data points are exponential fittings. (b) Plot of f versus
bias.

[2-6,8]. For example, Holmlin et al. reported a f§ value
of 0.87 A~! by mercury-drop experiments [5], and Wold
et al. reported f8 of 0.94 A~ and Cui et al. reported f8 of
0.64 A~! for various alkanethiols by using the CAFM
technique [3,4].

3.2. Method 2. Microscale devices

Fig. 4(a) is a log plot of tunneling current densities at
various voltages as a function of the molecular length for
the alkanethiol devices fabricated in the microscale de-
vice structure as shown in Fig. 1(b). It is plotted in the
same scale as in Fig. 3(a) for comparison. The current
densities were estimated using the junction area of 960 *
60 nm in diameter, and determined to be 115,000+
14,000 (at 0.5 V), 3300 £400 (at 1.0 V), and 6.6 £ 0.8 (at
1.0 V) A/ecm? for C8, C12, and C16, respectively [17]. The
current densities estimated in this structure in the same
order of magnitude from those observed in the previ-
ous structure (nanoscale device) within a factor 2-9 dif-
ference. The current density of C10 device has been
observed smaller than that of C12 device, which is
attributed to the device-to-device variation in the
microscale devices or the discrepancy of SAM quality
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Fig. 4. (a) Log plot of tunneling current densities for microscale al-
kanethiol SAM devices as a function of molecular lengths. It is plotted
in the same scale as in Fig. 3(a) for comparison. The lines through the
data points are exponential fittings. (b) Log plot of conductance of
alkanethiol SAMs formed on CAFM device structure as a function of
molecular lengths (at F = 20 nN). The line through the data points is
exponential fitting.

(defects or grain boundaries) between in the nanometer
and micrometer scales. With the exception for C10 device
result, the tunneling current densities show exponential
trend on the molecular length, which gave bias-inde-
pendent 8 value of 1.0 + 0.2 A~! in the bias range of 0-0.5
V. The bias-dependence of f§ appears only at high bias
range [8] [see Fig. 3(b)]. The observed f§ value here are
consistent with that observed in the method 1, although
the agreement may be fortuitous. The large uncertainty
in f value reflects the dispersion in current densities for
various alkanethiols and problems with this method.

Although it was shown that the tunneling is the main
mechanism for alkanethiol SAMs in the nanoscale de-
vices [8], alkanethiol SAMs in the microscale devices
may contain more significant defects than in the nano-
scale devices, thus other conduction mechanism espe-
cially defect-mediated transport [18,19] cannot be ruled
out. Temperature-dependent /(7) measurements (which
have not yet been successfully performed in this type of
device) are critical to unambiguously claim tunneling
and accurate f§ values.
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3.3. Method 3. CAFM study

Fig. 4(b) is a log plot of the conductance measured by
the CAFM technique as a function of the molecular
length for different alkanethiols for ¥ = 20 nN [20]. The
conductance was obtained from linear fitting of 7(V)
data in low bias regime, typically V < |0.5] V. The
conductance values are in good agreement with the
values reported from the previous CAFM studies by
Wold et al. [3]. The conductance also shows overall
exponential trend on molecular length. The line through
the data points is exponential fitting with the error range
determined as standard deviation of the measured
resistance values at different locations. The f value was
determined as 1.04+0.20 A~' from the slope of the
exponential fitting. This f value is also consistent with
those observed in the two previous methods. However,
the tip loading force may cause penetration and/or
deformation of the SAMs and the role of absorbates
(such as water) in the molecule-tip junction has not been
quantified, which makes this method less controlled and
prone to systematic errors. Here, variable temperature
measurements (to determine the contribution due to
defects) are problematic, again showing the results can
be consistent but are not unambiguous.

4. Conclusions

Electron tunneling through alkanethiol SAMs was
investigated using three different structures. The tun-
neling conduction was examined by varying molecular
length. Although all the three structures showed expo-
nential dependence on the molecular length with a decay
coefficient, alkanethiol SAMs formed in the nanometer
scale structure were the only ones in which tunneling
transport is unambiguously shown; i.e., temperature-
independent and length-dependent conduction. Al-
though other methods can give consistent results,
unambiguous determination of the tunneling transport
mechanism requires the characterization of length and
temperature dependencies.
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