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ABSTRACT

We report on single molecule electron transport measurements of two oligophenylenevinylene (OPV3) derivatives placed in a nanogap between

gold (Au) or lead (Pb) electrodes in a field effect transistor device. Both derivatives contain thiol end groups that allow chemical binding to

the electrodes. One derivative has additional methylene groups separating the thiols from the delocalized sr-electron system. The insertion of
methylene groups changes the open state conductance by 3 —4 orders of magnitude and changes the transport mechanism from a coherent
regime with finite zero-bias conductance to sequential tunneling and Coulomb blockade behavior.

With the aim to reveal the fundamental structupgoperty electrostatically influenced by a third so-called gate electrode.
relations for electron transfer between a molecule and a metallf weakly coupled to the leads, the charge transport is
electrode at the single molecule level, electronic transport expected to occur in a stepwise process where a unit charge
through singler-conjugated molecules has been addressedfirst tunnels onto the molecule and, after a residence time
in a number of recent experimenttdf and theoreticat° allowing relaxation to the ground state of the charged
papers. In the present paper, we address key iSSues CONCerny oy, tunnels on to the drain electrode in a second step.
ing the relation between electronic transport and the strengthWhile residing on the molecule the charge prevents further

of the electronic coupling between molecule and electrode .
pling charges to transfer to the molecule due to Coulomb charging.

by measuring the charge transport properties of single ) )
molecules connected to source and drain electrodes while! '€ Coulomb blockade can be lifted by tuning the gate
electrode potential, resulting in an open state with a typical
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A Table 1. Summary of Transport Properties for All Devices

Measured
_S\ ’ ‘ Molecule A

CH;
: device Ropen state (MQ) Eadd (eV)
CH,
\ 1 3500 0.722
2 3000 0.766
3 400 0.760
4 230 0.686
B 4' 230 0.928
Molecule B
device dV/dI(MQ)|at bias 50 mV transport gap (eV)
5 5.6—6.4
6 4.2-5.8
7 3.7-3.8
8 1.6
2 nm 9% 2.3
. . . 10% 17-53
Figure 1. Schematic representation of molecufesindB placed 11 9
. N 3
in electrode gaps. Derivativeé has an extra methylene-CH,—) 12 94
group inserted between sulfur and theconjugated moiety, 1 ’ 4
providing a tunneling barrier (shown in red). 3 0.34-0.38
o o . 14 0.43—0.55
electrode are significantly hybridized leading to coherent 15 0.33—0.51
tunneling process transferring charge in one step from the 16 0.49 0.9

sourc_e to the drain electrode. The COUIpmb blockade inthis Device 4 had lead electrodes, and all other devices had gold electrodes.
case is washed out by quantum fluctuations of the molecularTwo complete Coulomb diamonds were traced for device 4, and their

charge, and the molecular resistance can be of the order ofarameters are presented separately in lines 4 anBo# devices with
: moleculeB the symbol * marks the ones where a weak gate modulation

the resistance quantuR, = 25.8 k2.2 was observed (see Figure 2c for example); all other devices had no

Our experimental strategy to test the moleetggectrode measurable gate effect. Some devices changed their conductivity after
; o ; moderate annealing (up to 20 K) or were switching between different
coupling h"?‘s been to study two Yery S_'m"ar mOIeCUI.eS which conductance states, as explained in ref 15. For switching devices both upper
both contain the OPV3 electronic moiety capped with acetyl and lower resistance limits are presented. The indicatédi care for the

rotected thiol ar llowin hemical bond t form transport bias 50 meV. We recordedV curves at higher biases until the
protec ed thio groups aflo g achemica bond to be formed device was burned. Only device 16 (Figure 2d) was measured at high enough

to a gold electrode (Figure 1, molecul&sand B). The bias to estimate the transport gap-ef eV which is comparable to break
insertion of a methylene{CH,—) group between the thiol  junction measurements.

and the benzene ring iA provides a chemically defined attraction to the gap and thermally induced mobility of
tunneling barrief,and the electronic coupling between OPV3 molecules allow the individual and largely separated mol-
and electrode is hence expected to be significantly smallerecules deposited on the aluminum oxide surface to diffuse
for A thanB. In a previous study, we used tertiary butyl into the gap. Once a molecule is trapped, a dramatic change
protected thiol end-capped OPV5 molectlegich also in the current flowing across the gap is observed. At this
provide a tunneling barrier between theconjugated mol- point, the device is cooled back to 4 K, and detailed
ecule and the electrodes. The OPV5 derivative from ref 4 measurements are performed at this temperature. Altogether
and A from the present study are hence both expected to four devices with molecul& and 12 devices with molecule
couple weakly to the metal electrode, wherBasan couple B were fabricated. All fabricated devices are included in the
strongly. present paper and no deliberate picking from a bigger pool
The molecules were placed in ai2 nm gap between gold  of data was done. All devices with the same molecule showed
electrodes as described in detail in previous publica- similar characteristics revealing good reproducibility of the
tions#811L15First, gold is evaporated in UHVta K on to data (Table 1). In all cases, the thiol end groups were
an aluminum oxide covered aluminum gate electrode through protected with acetyl thiols which are known to allow stable
a mask elevated above the surface. The resulting tunnelingbonding to gold surface®.Overall resistances of devices
gap is carefully characterizéd’?2In a subsequent step, a with moleculeA are consistently in the @ range, whereas
second evaporator allows the molecules to be sublimatedjunctions with moleculeB show typical resistances about
through the same mask typically in a submonolayer coverage0.2—1 MQ. The latter values are similar to values obtained
(~1%). At 4 K, the molecules are stuck at the sites where in break junction measurements of similar deprotected thiol
they initially contact the aluminum oxide surface. After end-capped moleculég®Therefore, we assume that the thiol
completion of the molecule deposition, theV characteristic is chemically bound to both gold electrodes in these most
of the gap is unchanged indicating that no molecules have conducting junctions. Table 1 also lists examples with the
evaporated directly into the gap. In the last step, molecules same molecul® but with lower overall conductance. These
are trapped in the gap by applying a bias across the gap whilemay represent situations where the molecule is strongly
annealing at about 3660 K. The combination of electrostatic  coupled to one side but not to the other. The actual bonding
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Figure 2. Comparison of electron transport characteristics of OPV3 molecul@gsft) andB (right). (a) Differential conductance (color
code) vs the gate and bias voltages for the device 2. (b) Represent&fivairve (blue) and corresponding/dv (magenta) for the same
device. (c) weak gate modulation observed for device 10. Note different conductance scale for a and c. (d) LE\jechiag (blue) and
corresponding ddV (magenta) for device 16. The high big%) was successfully measured for device 16 only. In all other devices an
attempt to trace ai(V) curve at biases:1 V burned the sample.

process is very likely to be aided by charge transport through decreasing length and one electrostatic contribution that
the molecule at high source-drain bias as discussed elseincreases the charging energy for the shorter molecule. From
where®® simple model consideratiof$one would expect that both

Here we focus on the influence of the OP¥lectrode contributions are proportional tollivherelL is the length
interaction on transport by direct comparison of molecules of the z-conjugated system. As a zero order approximation,
A andB. A representative plot of differential conductance one finds thaEagq~ 1 eV with L measured in nanometers

vs the gate and bias voltages of molecAlds shown in is in rough agreement with the two data poirtsgys~ 1.7
Figure 2a. It has the characteristic diamond shaped form withnm andLopys &~ 3.2 nm). More elaborate estimates of this

sharp borders between open (colored) and closed (black)sjze effect are part of a forthcoming pager.
states, providing clear evidence of the typical patter seen 1, g4y the effects of the electrode material on the
for sequential tunneling through an island with weak coupling molecular device properties, we substituted the gold (Au)

t(; g.‘l? scciJ_urce antdh dra(ljlg_tfalectrodes. Frog th'j EO called electrode material with lead (Pb) and studied two devices
stability diagram, the addition energas = En-1 N1 with moleculeA. The lead electrodes were prepared and
— 2Ey, whereN is the number of electrons on the molecule, . . .
. . . . characterized in the same way as described above for the
can be determined. It equals the vertical distance in energy .
gold electrodes. The measurements on moleduileserted

from zero to the diamond vertex or equivalently the between lead electrodes showed similar charging energies
horizontal distance between two adjacent open states normal- ging g

ized by the strength of the electrostatic gate coupling to the buf ddlffer?nt dopenF_state gat(?r voltages as co:npare_t?] tlo tZe
molecule (denotey/Cs). For all three samples prepared glo tegzc rodes (f El_”et ; T‘r’:'o more s?mp es with lea q
with gold electrodes, both the positions of the open states jn €'€ctrodes were labricated. 1hese samples were measure
the gate voltage and the vertical diamond sizes were at low biases only because attempts to trace stability diagrams
reproducible within a narrow experimental error. The esti- & high-biases burned the samples. The diamond sizes
mates ofE.idA) for five distinct diamonds all lie between (charging energies) were measured directly only for sample
0.7 and 0.9 eV (Table 1). 4 listed in Table 1. However, the low bias data do show that
Previous measuremefisn the longer OPV5 derivative (e gate voltages corresponding to open states of the
reveal Eaqq values between 0.1 and 0.3 eV showing an transistor are the same for all three samples with lead
interesting influence of the length of theconjugated system  electrodes.
on the addition energy. A priori, one would expect two  To summarize, all four devices with molecudedemon-
contributions to this size effect: One of quantum mechanical strated sequential tunneling with characteristic addition
origin reflecting the increase in the level spacing with energies of 0.70.9 V.
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The device fabrication procedure ensures that in all devices

= ; X

= 250 molecule B is chemically bonded to at least one of the
g - electrodes. The absence of the Coulomb blockade also proves
£ that at least one of the molecuielectrode contacts is well

= . .

- coupled (so that the charge fluctuations through this contact
é'zso destroys charge quantization on the molecule as it was

explained in the introduction). The coupling in the second

contact may vary from device to device. The device presented
Gate Voltage, V in Figure 2d had the highest conductance among all of the
devices measured, corresponding to the theoretical result for

Figure 3. Electron transport characteristics of molecélenserted two chemically bonded contacts. This device was the only
between lead electrodes. Note similar charging energies but different , _ . . . S
open state gate voltages as compared to the gold electrodes (Figurtgiievlce that was not harmed at high biases, strongly indicating

2). In particular, an open state at the gate voltages V separates that chemical bonds to both sides make the contact more
the same charge states as the open stateO# V on Figure 2 stable.
(see the main text for detail3). The presented data substantially extend and corroborate

o ) _ previous observations of the effects of methylene spacer
When B is investigated by the same procedure (Figure groups on the electron transport from SPNbreak-junc-

2c,d), the conductance plot is substantially different from {jqn57.30cross-bar device® and nanoelectrodééThe STM

the one shown in Figure 2a,b._First of all, the conductance yat4 reported in ref 9 show that the apparent height of the
level for the open state has increased by42orders of  opy2 molecule is 0.5 A higher than the height of the
magnitude and the gate dependence has become very wealeiyative with methylene spacer groups, both derivatives
(three samples) or absent (nine samples) (see Table 1). Figurgeing imaged at constant current mode. Since the OPV2
2d shows a representatitzeV curve for a device possessing  molecule is physically 1.3 A shorter than the methylene
an overall conductance level similar to that of devices gnacer substituted derivatifewe conclude that the presence

fabricated by_break junctions with a comparable thiol end- f the methylene spacer reduces the tip to molecule gap so
cappedr-conjugated system (cf. refs 7, 29, and 30). The that the difference in the tip-to-molecule distance between
observed weak or no gate effect is direct evidence of a strongihe two molecules i8 = 1.8 A. In turn this corresponds to

coupling of molecular orbitals to the source/drain electrodes. a conductance difference between the two molecules%f
Similar behavior is observed in independent experiments -, 100 times wherg8 ~ 2.5 A1 is the tunneling decay

pen‘qrmed in F)elft where thg vibr'gtion.al fine structure fU”h?r constant for vacuum. The agreement with the present study
provides an independent identification of the molecule in g good.

the gap'® _ _ In summary, we have provided straightforward experi-
All devices with moleculeB have been subjected 10 mental evidence showing the significant influence of a single
spectroscopic measurements at high biases. Only_one de‘_"c‘?nethylene group inserted between the moleculaystems
with the lowest overall conductance has survived this gng the metal electrodes. The transport mechanism changes
procedure, and corresponding data are presented in Figurgyom coherent tunneling to the Coulomb blockade regime,
2d. The high bias sweeps for molecle£1.5 V) reveala  apq the sample resistance in the open state increases by
~1.6 eV wide transport gap in the tunneling density of states seyeral orders of magnitude. The present result is the first
(DOS~ differential cqndyctance). The dlff.erentla| COﬂdUF- direct observation of these effects in a three terminal device
tance plot has quantitative agreement with the theoretical 5,4 may serve as a central reference point for designing

calculations of Crlen et af’ where the charge transport | olecules with prescribed transport properties.
through the same molecule symmetrically coupled to gold

electrodes was considered. In contrast to the case of strong Acknowledgment. The work was supported in part by
asymmetric coupling, where the expected transport gapthe European Commission through Project FP6-003673
equals the HOMGLUMO gap in molecular spectrum (3.6 CANEL of the IST Priority. (The views expressed in this
eV for OPV3), for symmetrically coupled molecule the publication do not necessarily reflect the official European
transport gap is reduced to twice the distance from the FermiCommission’s view on the subject.) Funding from the Danish
energy in the leads to the closest molecular orbital: HOMO Research Councils and the Danish Nanotechnology Program
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