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1. Device fabrication and characterization 

Our fabrication process is discussed in four sections: wire fabrication, molecular 

deposition, electromigration, and characterization.    

 

Wire fabrication 

The device fabrication consists of four lithographic steps. In the first step, contact pads 

are defined by evaporation of 3 nm Ti and 150 nm Au. Secondly, the aluminum gate 

electrode is defined (2 μm wide and 15 nm thick). The sample is then taken out of the 

vacuum chamber of the evaporator and placed into a desiccator filled with oxygen to 

grow an insulating oxide. The native aluminum oxide is typically 3 nm thick. This 

localized-bottom aluminum gate electrode with a thin dielectric layer (Al2O3) provides 

more efficient gate coupling than the more often used approach of a back-gate 

configured silicon wafer (a highly doped silicon wafer back-gate, with a top silicon 

oxide). The third step involves the definition of the thin and narrow gold wire that will 

be broken by electromigration. A 15 nm thick and typically 100 nm wide gold wire is 

evaporated on the region over the aluminum gate electrode. In the last step, the thin gold 

wire is connected to the contact pads by evaporation of 3 nm thick Ti and 100 nm thick 

Au. The first step of making contact pads was performed by photolithography, and other 

steps were performed by electron-beam lithography. Scanning electron microscopy 

(SEM) images of the fabricated device are shown in the inset of Fig. 1a (active part) and 

Fig. S1 (full pattern). 
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Figure S1. Scanning electron microscope image (false color) illustrating a full pattern 
of the devices. The whole structure was defined on an oxidised Si wafer. The yellow 
regions show portions of the multi-layered Au electrodes (a thin Au layer with a 
thickness of ~15 nm; a thick Au layer with a thickness of ~100 nm), and the purple 
region represents the oxidised Al gate electrode. Au wires broken by the 
electromigration technique (Fig. 1a, inset) are placed on the top of the bottom-gate 
electrode. The contact pads to which a connection is made by wire bonding are not 
visible because they are located far from the active part of the device. Insets display the 
schematic images of Au-ODT-Au (right) and Au-BDT-Au (left) junctions. This is a 
conceptual diagram only, as only one molecular junction type at a time can be fabricated 
with the present process. 
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Molecular deposition 

After cleaning in oxygen plasma for 1 min, the samples were immersed in a dilute 

solution (1 mM) of ODT and BDT in 10 mL ethanol for 24 h. The molecular deposition 

was done on the gold surface in the solution inside a nitrogen-filled glove box with an 

oxygen level less than 10 ppm. The molecules self-assemble onto the gold wires by the 

thiol-gold linkageS1. Before use, each sample is rinsed in ethanol and gently blown dry 

in a nitrogen stream.  

 

 

Electromigration: Nanogap fabrication 

Thereafter, the samples coated with the molecules were immediately cooled to 4.2 K (in 

a vacuum cryostat), and the electromigration-induced breakage was performed. It has 

been shownS2 that nanometre-scale gaps in small metal wires can be formed by 

increasing a d.c. voltage across the wire until a substantial increase in the resistance is 

observed, at which point the applied voltage is rapidly reset to zero. This method was 

used here, with the procedure repeated to reach a target resistance corresponding to a 

molecular-sized tunnelling gap (normally greater than several MΩ). Figure S2 shows 

typical I(V) curves during breaking of the metal wire. In the first I(V) scan, the current 

starts to decrease at 0.8 V. In the second and third I(V) scans, one observes a gradual 

decrease (increase) in the current (resistance) of the metal wire, resulting from the 

electromigration. In the final I(V) scan, it is seen that the current abruptly decreases (as 

pointed by an arrow), and the metal wire is completely broken to form a nanometer-

scale separation between the disconnected metal wires, across which individual 

molecules can be often bridged. 
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Figure S2. I(V) curves while breaking metal wire. 

 

Figure S3 shows high resolution SEM images of the gold wires broken by the 

electromigration. These figures clearly show that the gap size at the narrowest point is 

less than 2 nm, similar to the molecular length scale we need to achieve. Similar results 

have been obtained and imaged by other groups (there are publications that show TEM 

images of the 1-2 nm broken gaps)S3. 

 

 

 

Figure S3. High resolution SEM images of a gold wire broken by electromigration.  

10 nm
10 nm

 

 

Characterization 

In the process of breaking the wire, the molecules covering the surface of the initial wire 

occasionally become trapped in the junction (with random orientations). The molecular 
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trapping events between the separated gap electrodes are not controllable, but inherently 

stochastic. The success rate for observing a characteristic that indicates a molecular 

junction is typically less than 10%. Our yield (35/418) for ‘working devices’ is 

consistent with other resultsS4. We note that there are many that have no molecule, or 

perhaps many, or bad orientations, etc. – this fabrication is a probabilistic process. 

When they do work (which we show in this characterization section), the community 

has established criteria by which they constitute single or few molecule junctions. 

 

 

Conductance ⎯ It is important to notice that the measured conductance is consistently 

and repeatedly dependent on the molecular species, and in agreement with literature: 
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Figure S4. Low-bias (0−0.1 V) conductance values (G) measured at VG = 0 V from the 
35 working devices of a, the ODT (21 devices) and b, BDT (14 devices) junctions. The 
solid lines represent the mean conductance, and the dashed lines show the standard 
deviation of the measurements. The mean conductance with the standard deviation (m ± 
σ) was calculated to be (3.57 ± 0.48) × 10-5 G0 (= 2e2/h) for ODT and (1.32 ± 0.21) × 
10-2 G0 for BDT, which is in good agreement with single molecule conductance values 
of ODT and BDT molecules in previous reportsS5. Our devices are in agreement with a 
considerable literature on similar single molecule transport, and thus we conclude that 
there is a single molecule, (or very few molecules, reproducibly) in the electromigrated 
molecular junctions. 
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Temperature-variable current-voltage measurement ⎯ The temperature 

independent I(V) characteristic is an important verification of tunnelling, and eliminates 

many of the other potential alternative mechanisms: 

 

 

 

 

 

 

 

Figure S5. Semilog plots of temperature-variable I(V) data for a, Au-ODT-Au and b, 
Au-BDT-Au junctions measured at selected temperatures (4.2, 30, 60, and 90 K). No 
temperature dependence of the I(V) curves was observed, which confirms that 
tunnelling is the main conduction mechanism for these junctions in the bias and 
temperature range measured. The off-resonant tunnelling mechanism can be reasonably 
expected because the Fermi energy of the electrode lies deep within the large HOMO-
LUMO gap of the short molecules. 
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Length-dependent tunnelling transport ⎯ An important characterization method that 

validates molecular tunnelling transport is the exponential decrease of conductance on 

the molecular length. A correct exponential dependence, temperature dependence, and 

agreement with decay coefficients all point to a valid molecular junction. We measured 

the conductance of two other alkanedithiols, 1,6-hexanedithiol [HS-(CH2)6-SH, denoted 

as HDT] and 1,10-decanedithiol [HS-(CH2)10-SH, DDT], to study the dependence of the 
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conductance on molecular length. The conductance of alkanedithiol molecules is 

expected to show an exponential decrease with molecular length. In particular, the 

conductance G is expected to be proportional to exp(-βN), where N is the number of 

carbon atoms in the alkanedithiol and β is the tunnelling decay coefficient:  
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Figure S6. Semilog plot of the conductance versus the length of molecules for the three 
different length alkanedithiol junctions (all made from the electromigration-induced 
break junction), which can be used to obtain the tunnelling decay coefficient β. We 
found β = 1.07 per carbon atom (or ~0.85 Å-1). This β value is in excellent agreement 
with the literature for tunnelling transport through the aliphatic alkyl chainsS6.  

 

 

Inelastic electron tunnelling (IET) spectroscopy ⎯ Recently, IET spectroscopy has 

become a primary tool for molecular identification in molecular junctionsS7, analogous 

to IR and Raman spectroscopy for macroscopic samples, for an unambiguous 

determination of the molecular species in the junction. We measured fully assigned IET 

spectra for ODT and BDT junctions (Figs. 3a and 4a in main text). All of the spectral 

features are attributable to vibrational modes associated with the molecular species, 
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which implies that the molecule is the only thing in the junction through which 

tunnelling is occurring. 

 

The characterization methods described here are generally accepted by the community 

as evidence of a single-molecule junction. However, these are in some sense “indirect”, 

in that the specific molecule for which transport is occurring is not spatially imaged. 

This is an outstanding challenge of the field. However, at present a single-molecule 

junction appears to be the best consistent interpretation of the data presented here and 

similarly elsewhere. 
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2. Transfer characteristics of a 1,4-benzenedithiol molecular transistor 
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Figure S7. Transfer characteristics of a 1,4-benzenedithiol molecular transistor − i.e., 
semilog plots of drain current ID versus gate voltage VG at drain biases VD of 0.1, 0.3, 
and 0.6 V. The tunnelling current is enhanced with a negative VG, while a positive VG 
suppresses the current level, indicative of a p-type transistor. 
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3. Low temperature transport and IET spectroscopy measurements 

Low temperature transport measurements 

Transport measurements of the electromigrated molecular junctions were performed 

with a custom-built cryogenic measurement apparatus. The devices are mounted onto a 

28-pin leadless chip carrier socket on the sample stage inside a vacuum chamber that is 

evacuated and purged with He gas before being lowered into a liquid He storage dewar. 

All the electromigration break processes and transport measurements were made at 

liquid He temperature (4.2 K). In order to reduce the noise level, triaxial cables are used 

to connect the socket leads to the measurement instruments outside the cryogenic 

vacuum chamber through vacuum electrical feedthroughs. A calibrated Lakeshore 

thermometer is mounted on the sample stage to monitor sample temperature, and a 

resistive heater in a feedback loop with the thermometer is mounted on the sample stage 

to maintain the sample temperature. In order to measure the I(V) characteristics, we 

used a 16-bit DAC for bias voltages, and a low-noise current amplifier (Ithaco 1211) 

followed by a DMM (Agilent 34410) for current measurement. All the grounds of 

system are isolated to remove ground-loops and electrical noise. The sweep rate of 

source-drain voltage for a given gate voltage was ~1 V/min for normal I(V) sweeps and 

0.1−0.05 V/min for IET spectroscopy sweeps. The sweeps were checked for hysteresis 

for both directions and polarities; none was found. 

 

 

IET spectroscopy measurements 

All of the dI/dV and d2I/dV2 data were directly measured at 4.2 K using a lock-in 

amplifier (Stanford Research Systems 830) and a homebuilt current−voltage sweeper 
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controlled by a computer running via GPIB. An a.c. modulation of 7.8 mV (root-mean-

square) at a frequency of 1,033 Hz with time constant of 1s was applied to the sample to 

obtain the first and second harmonic signals, proportional to dI/dV and d2I/dV2, 

respectively. The a.c. modulation is added to a d.c. bias generated by a battery-powered 

16-bit DAC converter, using operational amplifier-based custom circuitryS8. The 

obtained lock-in signals were checked by agreement between repeated measurements. 

Finally, the IET spectra are presented as the normalised amplitude, (d2I/dV2)/(dI/dV). 
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4. Experimental estimation of the tunnelling barrier height in molecular junctions 

Beebe et al. have reported a transition from direct tunnelling to Fowler-Nordheim 

tunnelling in molecular junctionsS9. By measuring the transition voltage (Vtrans), we can 

estimate the tunnelling barrier height that is given by the energy offset between the 

electrode Fermi energy (EF) and the nearest molecular orbital (i.e., either HOMO or 

LUMO) responsible for the electronic conduction. When the applied bias is less than the 

barrier height (i.e., V < ФB/e), direct tunnelling is assigned to the dominant transport 

mechanism in molecular junctions incorporating a family of alkyl and phenyl 

molecules . In the zero-bias limit, the barrier is assumed to be rectangular, and within 

the Simmons model , the tunnelling current is approximated 

as                      , where m

B

S10

S11

e is the electron effective mass, d is the barrier 

width (consistent with the molecular length), and h (= 2πħ) is the Planck's constant. At 

the opposite limit, when the applied bias exceeds the barrier height (i.e., V > ФB

exp( 2 2 / )I V e Bd m∝ − Φ

B/e), the 

barrier starts thinning at the Fermi energy, displaying a triangular barrier. Then, the 

conduction mechanism is replaced by Fowler-Nordheim tunnelling, or so-called field 

emission, and the I(V) dependence for the triangular barrier 

is                          . To compare charge transport in two distinct 

tunnelling regimes, it is useful to linearize the I(V) curves in a logarithmic scale. For 

direct tunnelling, the I(V) dependence is found to be 

2 3exp( 4 2 / 3e BI )V d m qV∝ − Φ

 

                                                              (Eq. S1) 
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Similarly, as to Fowler-Nordheim tunnelling, it scales as 
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e Bd mI
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⎞
⎟
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(Eq. S2) 

 

It is obvious that a plot of ln(I/V2) against 1/V displays a logarithmic growth for direct 

tunnelling (Eq. S1), whereas the plot indicates a linear relation for Fowler-Nordheim 

tunnelling (Eq. S2). Therefore, the transition from direct tunnelling to Fowler-Nordheim 

tunnelling will exhibit an inflection point on the plot of ln(I/V2) against 1/V (as shown in 

Figs. 1b and 2b), which is consistent with a sequential change in the shape of the 

tunnelling barrier from a rectangular (V = 0 V) to a trapezoidal (V < ФB/e) then to a 

triangular form (V > Ф

B

BB/e) upon the application of an increasing bias. Indeed, Vtrans 

refers to the magnitude of the voltage required to permit a transition from rectangular to 

triangular barrier, and thus measuring Vtrans provides a means of experimentally 

evaluating the height of the original rectangular barrier associated with the tunnelling 

transport in molecular junctions. 
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5. LUMO-mediated electron tunnelling through Au-BDCN-Au junction 

Figure S8 below exhibits the transport characteristics of another molecule, specifically 

1,4-benzenedicyanide (NC-C6H6-CN; denoted as BDCN). The reason this is of interest 

is that the LUMO level is closer to the electrode Fermi energy than the HOMO level. 

Whereas BDT is the analog of a p-type device (Fig. 2), this is analogous to an n-type 

device, which is in excellent agreement with a prior thermoelectric experimentS12 and 

transmission calculationS13. Figure S8 shows the familiar Fowler-Nordheim plot 

[ln(I/V2) versus 1/V], which exhibits a now familiar dip at Vtrans. We also see the shift of 

Vtrans with VG. However, there is a fundamental difference between these BDCN 

characteristics and the BDT/ODT characteristics – in the BDCN case, Vtrans shifts in the 

opposite direction. This is characteristics of n-type transport (dominated by the LUMO 

level), as it has been extensively illustratedS14 in that the transition voltage in molecular 

junctions is dependent on electronic structure (i.e., the energy gap between the Fermi 

level and the nearest molecular orbital). The y intercept obtained from the plot of Vtrans 

versus VG indicates Vtrans,0 = 1.69 ± 0.05 V, providing an estimate of |EF−ELUMO| for the 

Au-BCDN-Au junction. 
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Figure S8. Gate-controlled charge transport characteristics of a Au-BDCN-Au junction. 
a, Fowler-Nordheim plots at gate voltages from 0 to 3 V with 1 V step, demonstrating 
the gate-variable transition from direct to Fowler-Nordheim tunnelling. The plots are 
offset vertically for clarity. Also shown are drawings of the barrier shape with the 
increasing bias. Inset shows I(V) characteristics. b, Plot of Vtrans versus VG. Solid line 
indicates linear fit. Inset: the colour map of dln(I/V2)/d(1/V) (from Fowler–Nordheim plots) 
with linear fit (solid line) obtained from the plot of Vtrans versus VG. The zero-gate 
transition voltage is indicated by arrow. The negative value of α for Au-BDCN-Au 
junction indicates LUMO-mediated electron tunnelling (n-type like). 
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6. Vibrational mode assignments in IET spectra 

Table S1. Summary of vibrational mode assignments in IET spectra for molecules 
investigated. 

 

 

 

 

 

 

 

Peak position

Vibrational modea

27

86

113

140

159

184

357

mV cm-1

218

694

911

1129

1282

1483

2879

ν(Au-S)

ν(C-S)

δr(CH2)

ν(C-C)

γw(CH2)

δs(CH2)

ν(C-H)

Molecule

ODT

26

95

138

197

210

766

1113

1589

ν(Au-S)

γ(C-H)

ν(18a)b

ν(8a)b

BDT

Mode description

Au-S stretching

C-S stretching

CH2 in-plane rocking

C-C stretching

CH2 out-of-plane wagging

CH2 in-plane scissoring

C-H stretching

Au-S stretching

Aryl C-H out-of-plane bending

18a stretching ring mode

8a stretching ring mode

Refs

S15,S16,S17,S18 

S15,S16,S17,S18,S19,S20 

S15,S16,S17,S18,S21

S15,S17,S18,S20,S21

S15,S16,S17,S18,S20,S21

S15,S17,S18

S16,S17,S18,S19,S20,S21

S15,S16,S17,S18 

S19,S20,S21 

S19,S20,S21

S19,S20,S21

aTo aid the assignments of the vibrational modes, the density functional theory (DFT) 
calculations were performed on the free thiolate form of ODT and BDT molecules at the 
B3LYP/6-311G** level using Jaguar v6.5 (Schrodinger Inc., Portland, OR, 2005). The 
calculated vibrational energies (frequencies) were scaled down by the factor of 0.962 to 
compare with the experimental resultsS22. For the detailed calculation results, see ref. 
S23. 
bThe benzene ring modes are given in terms of Wilson-Varsanyi terminologyS24. 
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7. Linewidth broadening in IET spectra of Au-BDT-Au junction 
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Figure S9. a, Linewidth broadening for the BDT ν(18a) mode as a function of a.c. 
modulation voltage at constant temperature (4.2 K). The circles indicate the 
experimental FWHM values of the ν(18a) peak. The intrinsic linewidth (WI) is 
determined to be 5.60 ± 1.11 meV from a nonlinear least squares fit (solid line) to the 
modulation broadening data. Inset shows successive IET spectroscopy scans for the 
ν(18a) mode under increasing a.c. modulation voltage. b, Linewidth broadening for the 
BDT ν(18a) mode as a function of temperature at constant a.c. modulation voltage (7.8 
mV). Inset shows successive IET spectroscopy scans for the ν(18a) mode under 
increasing temperature (4.2−50 K). There seems to be the good agreement between the 
experimental FWHM values (circles) and the theoretical linewidth valuesS25 (squares) 
calculated by [(5.4kBT)2 + (1.7Vac)2 + (WI)2]1/2. 
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8. Projected density of states near HOMO levels of phenyl and alkyl molecules  
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Figure S10. Projected density of states (PDOS) of the HOMO levels for PhS and EtS 
(Ph = phenyl; Et = ethyl) adsorbed on Au28 clusters, which were obtained from the DFT 
quantum mechanics calculations (B3LYP/LACVP**). Also are shown the isosurfaces of 
the HOMO levels corresponding to each peak of PDOS. The Au atoms were described 
using the Hay-Wadt small-core effective core potential with the outermost 19 electrons 
treated explicitly using the LACVP** basis setS26. The Jaguar v6.5 quantum chemistry 
software (Schrodinger Inc., Portland, OR, 2005) was used for all the calculations. a, The 
HOMO levels of PhS (especially near -6.1 and -7.2 eV) have significant contribution 
from the benzene ring (denoted by the red solid curve). The vibration modes associated 
with the benzene ring are enhanced by molecular orbital gating (Fig. 4a). b, The HOMO 
levels of EtS (between -6 and -8 eV) have essentially no contribution from the alkyl 
chain (denoted by the red solid curve). The vibration modes associated with the alkyl 
chain are nearly unchanged as varying eVG,eff (Fig. 3a). 
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9. Theoretical model on resonantly enhanced IET spectra 

Persson and BaratoffS27,S28 have developed a model using perturbation theory, 

describing IET process through a vibrating molecule chemisorbed on a metal surface, 

which highlights the implication of the resonant coupling between molecular orbitals 

and vibrational modes. According to this model, the manner in which the IET 

spectroscopy intensity and the line shape will be modified is described by equation (1) 

(in the main text). Depending on the position and width of the molecular resonance, the 

spectral intensity can be significantly enhanced and its line shape can be modified. 

Similarly, the numerical modeling results of Mii et al.S29 and Galperin et al.S30 have also 

showed the evolution of a IET spectroscopy feature from a peak to a peak-derivative to 

a dip as the position of the resonant level shifts. 

Equation (1) contains the effect of the resonant coupling on both inelastic and elastic 

channels. The prefactor alone indicates the inelastic contribution to the total 

conductance proportional to the step function θ(eV − Ω), while the terms in braces 

account for the corrections to the elastic channel, associated with two electron-phonon 

interaction events involving virtual phonon emission and reabsorption, which vary 

rapidly near the corresponding inelastic threshold, and then give rise to a singular 

contribution to the line shape and the intensity of IET spectra. Since the logarithmic 

term will only affect the line shape in equation (1), the relative change η in the 

normalised conductance across the threshold is given by the product of the prefactor and 

the first term in braces S27,S28. 

In light of equation (1), we are able to reproduce the experimental results for the gate-

variable IET spectra of the BDT junction shown in Fig. 4a. Figure 4c shows the 

experimental values of η for the ν(18a) stretch mode at ~138 mV of the BDT junction 

  

doi: 10.1038/nature08639 SUPPLEMENTARY INFORMATION

www.nature.com/nature 20



as a function of eVG,eff. From the linear scaling of Vtrans against VG, we are able to 

estimate the position of the HOMO level. Thus, from equation (1) (neglecting the 

logarithmic term) by adjusting two parameters δE and Γ, a nonlinear least-squares 

fitting can be performed to fit the plot of η versus VG. An excellent fit is obtained with 

δE = 0.21 ± 0.01 eV and Γ = 0.52 ± 0.02 eV, values that are in a reasonable range from 

a perusal of the IET spectroscopy literatureS27-S31. With the best fitting parameters, the 

calculated values of η in terms of VG are plotted as a solid curve in Fig. 4c. Using 

equation (1), we also fit the observed IET spectroscopy line shapes for various eVG,eff. 

The results are shown in the inset of Fig. 4c where the spectra are centered in the 

proximity of the ν(18a) mode of the BDT junction. The simulated IET spectra for 

various eVG,eff are calculated by slightly broadening the step function and the logarithm 

in equation (1), keeping essentially the same δE/Γ (previously obtained from fitting the 

plot of η vs. VG). 
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