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Tunneling spectroscopy study and modeling of electron transport
in small conjugated azomethine molecules
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Scanning tunneling spectroscopy results are presented on oriented monolayer films of conjugated phenyl-
based molecules self-assembled on gold. Three related molecules of different lengths are investigated. The
molecules do not show resonances in electron transmission at least up to 1.5 V. We model the experiments
successfully by the molecules acting as a potential barrier to electron transmission. The potential barrier is
trapezoidal when the molecule has a permanent dipole momeral to the gold surfagein agreement with
the asymmetri¢ (V) curves. Fo2 V bias and larger, the film is modified by the measurement, which prevents
measurements of possible resonances at higher energies.

[. INTRODUCTION unoccupied molecular orbitallf the distance from the Fermi
level to the HOMO and LUMO is large, a simple Wentzel-
The electronic transport properties of organic Kramers-Brillouin (WKB) approach for tunneling of
m-conjugated molecules have been the subject of many reelectrong will be applicable. This means that the molecule
cent studies, both theoretical and experimental. Different exacts as a tunneling barrier between two metal electrodes. We
perimental ways have been pursued to investigate conductioffill motivate and use a model that, apart from the tunneling
through molecules, which can be grouped in two approacheg'Stance includes only the barrier height on both sides of the
contacting isolated smgle molecules or molecules in thwpar”er Dhiraniet al. used a similar approach, based on the

(usually monolayerfilms 12 or studying transport in thick Pand picture” of the molecules, where the position of
films and devices, such as organic thin-film transistors o OM06 and LUMO determine the height of the tunnel
light emitting diodes arrier? Additionally, in Ref. 6, charge transfer from metal

to molecule was introduced as having influence on the shape
A major goal in this research on molecular electronics is 9 P

to study the transport along theorbitalsinsidethe molecu- of Tzi;gngg)g?wgrshow that permanent dipole moments of
lar chain. The natural approach is to try to obtain an ISOIateq!he molecules appear to be a dominant ingredient for barrier
molecule between two electrical contacts, which is obviously

very difficult to realize and especially difficult to verify. Al- H H

ternatively, a well-ordered system where the molecules are

aligned can be used. Scanning tunneling microsq&iM)

experiments have proven to be a very suitable tool for the

investigation of ordered monolayer films. The STM allows

electrical contacting of one or a few molecules at a tine.

the same experiment, it allows imaging of the structural O\\ ’ \

characteristics of the film.
In this work, we have used the STM to study small
phenyl-based moleculésligomers, which have been grown v

from their constituting monomers on gold substr&tdhe
STM acts as a contact on the “top” side of the film to one or H H
a few molecules. The supporting gold substrate acts as the N’

other (“bottom”) contact. The monomers are basically
single benzene derivatives with two functional groups in the

/ /

para position. In the growth process these groups react and
link the conjugated rings together, and extend the conjuga-
tion over the whole length of the resulting molecule. This
process results in a monolayer film of molecular wires,
aligned upwards with respect to the substi@ee Fig. L Gold substrate

This paper presents scanning tunneling spectroscopy mea-
surementgSTS and their interpretation. Our measurements  FIG. 1. Schematic picture of the molecules under investigation
are off-resonance with respect to the molecular orbitals, i.eafter their growth from solution by self-assembly. From left to
electrons tunnel at energies in the gap between the HOM@ght: 4-ATP, AT, and ATD. Abbreviations and deposition proce-
(highest occupied molecular orbitahnd the LUMO(lowest  dure are described in the text.
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FIG. 2. Experimental-V curves at a bias of 500 mV for a

setpoint of(a) 100 pA(5 G(2), (b) 200 pA(2.5 &X2), and(c) 500 pA FIG. 3. Experimental -V curves at a bias of 50 mV for a set-

(1 GQ). Each curve is an average of 60—70 % of 1024 curves, take@oint of (a) 100 pA (5 GQ), (b) 200 pA (2.5 &), and(c) 500 pA

at a single spot on the sample in a nitrogen atmosphere. (1 GQ). Each curve is an average of 60—70 % of 1024 curves taken
on a regular grid of 100 nfin air.

shape and height as found by analysis of asymmetry of the

STSI(V) curves. This is consistent with work by Campbell Sec. IV, we discuss the fits of the model to the experimental

et al,” who investigated monolayers with permanent dipoleresults in the context of the properties of the molecules and

moments as a means to suppress metal-organic Schottky baesults from literature.

riers. In the model that we use in this paper, the voltage drop

is distributed proportionally over the barrier. In a picture

. . . Il. EXPERIMENT

where the molecular properties are taken into account in

more detail, the possibility that the chemical potential of the Gold substrates were prepared by depositing a thin-film
molecule is more fixed to the substrate is considéred. (100 nm of gold on thermally oxidized200 nmn) silicon.

This paper is organized as follows. In Sec. Il, we give theThe organic molecules were grovim situ from solution as
experimental details of the growth of the molecular layersself-assembled monolayer films, by immersing the substrate
and results of the scanning tunneling spectroscopy. In Sesequentially in solutions of different monomers. Each im-
[, we describe the theoretical model for our experiments. Inmersion step results in the addition of a new monolayer film
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is attributed to etching of the underlying gold layers due to
the reaction of thiol-groups with gold atoms, forming dis-
solvable complexes: Noise, in the form of height fluctua-

"""" I TR often observed. In the literature, the occurrence of these pits

g ---—-ToTIIIIol] tions, is larger in topographic images of films than of bare

Ps
E=0 77
7 I eV Ot 9o
y 'S 4 (V) spectra were taken for different feedback voltage
/ and current setpoints, i.e., for different initial sample-tip dis-
tances. Tunnel resistances were in the range 1-Q0dar-
/ rent setpoints between 50 and 500 pA at 500 mV voltage
/ Z

bias. Experiments were performed both in air and dry nitro-
gen ambient, without clear systematic differences. 1024 con-
substrate molecule tip secutivel (V) sweeps were taken on a gditill) terrace, at
a fixed position on the terrace or at a regular grid of 108.nm
< O I (V) data presented in this paper represent the average of a
substrate subset from the collectdqV) curves, where only those were
FIG. 4. Tunnel barrier profile used to model our STS experi-included in the averaging that were going through the set-
ments.E is the integration parameter in E4), running from 0  Point, within a factor of 0.8 to 1.2 or 0.7 to 1.5 of the set-
to eV. current, to select curves which were not affected much by
drift of the STM (£60-70% of all curves? Assuming
by selective chemisorption. The monomers are benzene denostly fluctuations in the movement of the tip as the source
rivatives with two functional group&SH, -NH, or -CHO) in  of noise in thel (V), we have averaged Id) vs V. The
the para position: 4-aminothiophen@-ATP), terephthaldi-  polarity of the bias voltage is defined in the conventional
carboxaldehyde(TDA), and 1,4-diaminobenzenéDAB).  way as representing the voltage on the substrate. This means
Monomers in this film react with the underlying layer result- that for negative sample bias voltage, electrons tunnel from
ing in either a covalent bond with the gold substrate bysample to STM tip.
means of a thiol endgroufAu-S-R first layey, or an imine Figure 2 shows (V) curves taken on a single spot in
bond (R-C=N-R’, following layers. No crosslinking can nitrogen atmosphere. Figure 3 shol{¥) curves taken on a
occur. Once all sites are occupied, excess molecules from thegular grid of 100 nrhin air. All displayed curves are av-
solution are physisorbed only and can be gently removed bgraged in the way described above. The curves are nonlinear,
rinsing in the pure solvent. Figure 1 shows the molecules thajhich we interpret below as due to the exponential increase
have been studied in this paper. We use the following abbrepf transmission through a tunnel barrier when it is distorted
viations: for one aromatic ring: 4-ATP, for two rings: AT, by an applied voltage. Remarkably, tunneling spectra for all
and for three rings: ATD. The aromatic rings are linked to-4-ATP and ATD films show asymmetric behavior, whereas
gether through carbon-nitrogen double bondse imine  for all AT films the curves are approximately symmetric. For
bonds. 7 conjugation extends over all atoms but the cou-a bare-gold surface the asymmetry varied, with sdif\é)
pling with the sulfur is reducetiBy angle-dependent x-ray curves symmetric and some asymmetric. The asymmetry in

photoelectron spectroscopy measurements, in which the ekl experiments was always with higher current for negative
emental composition as a function of depth was followed sample bias.

and by ellipsometry, in which the thickness as a function of
the number of monomer layers was followed, we have con-

<

firmed that the molecules are ori_ented appro_ximately perpen- Ill. THEORY AND MODEL
dicular to the substrate. A detailed description and analysis
of the growth process is given elsewhére. Figure 4 shows the potential landscape used in our sim-

STM measurements were performed with a Digital Instru-plified representation of a metal-molecule-metal sandwich.
ments Nanoscope llla system with a TipView STM headThe tilted(trapezoidal barrier, which was numerically inves-
using freshly cut Pt/Ir tips. Both topographic and spectro-tigated by Brinkmaret al,'® is the simplest potentiglwith
scopic data[current-voltage,l (V), taken with interrupted the smallest number of parameterghich in itself can de-
feedback loop were obtained. With STM, for very small scribe our results of asymmetri¢V) curves. This potential
voltage(10-50 m\j and large current~ 1 nA) we observed profile is a realistic physical representation if there is low
av3Xv3 reconstructedicompared to the AQ11)1x1] sur- transmission and the tunneling electron is a significant dis-
face topography, which we associate with the sulfur atomg¢ance away from resonance with any molecular orbital.
bonded to the A(L11) surface. The molecules order in a (From the absence of resonances in the experime(g
hexagonal pattern in av§Xxv3)R30° structure with a curves, we deduce that this distance is at least 1.5 kV.
nearest-neighbor spacing of 49.3 A, and a corresponding that situation there is no strong distinction between the pic-
coverage of 4.8 10 molecules/A*° However, with STM  ture that the electron occupies the molecular density of states
at a low bias current, we did not observe crystal-like do-(DOS), which is exponentially small at the Fermi level, and
mains, such as monolayers of long-alkanethiol moleculeghe picture that the molecule acts as a potential barrier, so the
usually show. Topographic images show a considerable difelectron tunnels through the molecule. In both cases, the
ference between the bare gold substrates and samples witlansmission of an electron can be approximately described
molecular films. In the latter case, the formation of pits isby the WKB approach of a decaying wave functfén.
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FIG. 5. Tunnel barrier profile as determined from fits to mea- k1. 6. Tunnel barrier profile as determined from fits to mea-
surements in Fig. 2, accordlng to E(Gﬂv) (a) Au, (b) 4-ATP, (C) surements in Flg 3(&) Au, (b) 4-ATP, (C) AT, and (d) ATD.
AT, and (d) ATD.

Of course, in the latter picture the barrier height is anlt is expected that one orbital will dominate for the transmis-
effective quantity. We neglect the precise characteristics o§ion, probably HOMO or LUMO, whichever is closest to the
the DOS in the moleculéposition and width of the various Fermi level, although the spatial extension of the orbitals
orbitals, which are all summarized in the model parameterswill have some influence heféwe also neglect the details of
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TABLE I. Results from Fig. 2: Parameters resulting from fits to trapezoidal barrier model. Errors in the
last digit are given in parentheses after the fitted value.

500 mV, 100 pA 500 mV, 200 pA 500 mV, 500 pA

Sample ¢ (€V) ¢s(V) sA) @ (eV) ¢ (V) sA)  H(eV) #s(eV) s(A)
Au  1.311) 3.504) 8072 1.281) 3.947) 7.354) 1561) 3.7745) 6.733)
4-ATP 1.153) 2.8911) 8555 1.7143) 27314 7.857) 1.022) 4.1012) 6.845)
AT 1502 219100 8.828) 1.741) 1.854) 8733 2051 1733 8.072)
ATD  151(4) 3.8625 7.409) 1.324) 3.5425 7.3510) 0.463) 4.3211) 7.156)

the potential barrier at the interfaces of molecule and metal 2e2 rev
electrodes, for which exact treatment would require quanturh(V) = S dE
chemical calculations of which the accuracy will be difficult 0

to assess. s [8m 2 1/2
The tilt of the barrier is the essential ingredient for pro- Xexp[ —f dz #Z st (hi— Ppst+eV)—— E” ]
. . .. 0 S
ducing an asymmetric curve. This tilt can have a threefold
origin. First, it can be due to different work functions of the (4)

gold substrate and the Pt/Ir STM tip, second, the barrier can ) ] )

be geometrically asymmetric, and third, it can be due to @vhich we will use to fit the experimenta(V) curves(we

permanent dipole in the moleculend perhaps other dipoles, PutU—E=0 for U<E). We will take m=m, (a deviation

at the tip or gold surfageas was shown by Campbaeit al.” would correspond to a scaling of the energies and/or the
We derived the tunneling current according to the WKB thicknesss of the potential profilg

approximation for this potential landscape. The starting ex- Note that we have neglected any possible structure in the
pression &1 DOS of the Au substrate or Pt/Ir tip. We think this is vali-

dated by the measurements on bare gold and we will come
back to this at the end of the next section.

2e (ev
)= | TaEpE-evip BT EY), @
0 IV. DISCUSSION

where T, is the transmission probability as a function of  4-ATP and ATD show strongly asymmetri¢V) curves
energy and the prefactorezh is an approximation which with a higher current for negative sample bias. AT consis-
assumes one-dimensional-quantized conductance betwegshtly shows roughly symmetri¢(V) curves. Bare gold
two states which match in energy and haye-1. p(E) and  shows varying results. The potential profiles responsible for
ps(E) are the local DOS of the tip and sample at an en&igy this behavior, resulting from fits of Eq4) to the experi-
referred to the Fermi leveg is the unit charge, witle>0,  ments, are depicted in Figs. 5 and 6. In Tables | and I, the fit
andV is defined as/gampis Viip as is the convention in STM  parameters)s, ¢, ands are shown. Figure 7 shows that the
experimentgtip is grounded In here, we also take a zero- fitted curves are in good agreement with the experimental
temperature approximation, which is allowed becaygeis  results.
only 25 meV compared to our experimental scale of 1.5 V.  Apparently there is an important variation in molecule
The transmission through the moleciithe barriey is in  properties between 4-ATP and ATD on the one hand, and
the WKB approximation given by the temperature- AT on the other hand, which is reflected in the tilt of the
independent-transmission probabilify(E,V):’ fitted potential barrier. A related effect has been investigated
before, for self-assembled monolayers of nonconjugated
s [8m 12 molecules, by Campbelkt al.” They established that mo-
TO(E,V):exp< —J dZ(?[U(Z)—E]) ] (2)  lecular dipole moments result in a change in surface work
0 function. If this work-function change is distributed linearly

. . . . over the length of the molecule, a sloped potential profile is
Here, U(z) describes the potential profile between tip andO tained as%n our model. The magnitrfjde%f the chgmge

substrate, referred to as the sample Fermi energy. For a tilte n be calculated from the molecular dipole moment, in a

potential barrier, the parameters are the tunnel barrier at th&m le parallel plate approximation. For internal dinole mo-
molecule-sample sided(), the tip-side ¢;), and the total ple p P PP ' P

. . ment
distance between tip and sampge o
Ao N
U(2)= st (= dbsteV) o, tc) e eomA
whereN/A is the number of sites per unit area.

wherez runs from sample to tipZA=0, ... s). Assuming a We calculated dipole moments of the individual mol-
uniform DOS (p,=ps=1), Egs.(1)—(3) can be combined to ecules (4-ATP, AT, and ATD using quantum chemical
obtain an expression for the tunneling current as a functiotechniques® The results are listed in Table Ill. For our

of applied bias voltagd/: monolayers with a ¥3Xxv3)R30° structure, N/A=4.8
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TABLE Il. Results from Fig. 3: Parameters resulting from fits to trapezoidal barrier model.

500 mV, 100 pA 500 mV, 200 pA 500 mV, 500 pA

Sample ¢ (eV) ¢s(€V) s@B) g (eV) ¢ (V) sB) g eV) ¢s(eV) s
Au 2272 2375 7.813) 2151 2.323) 7552 2441 2102 6.891)
4-ATP  0.961) 3.604) 8.493) 0.962) 3.198) 8235 0.931) 3.874) 7.182)
AT 1671 2534 8272 1821 2.124) 8.003) 1.991) 1.863) 7.542
ATD 0341 4553) 8.463) 0.701) 4.094) 7.632) 0521) 3.403) 7.892)

x 10'¥molecules/Mande, = 2.4". This yields for the calcu- proximately 2 to 4 eV. This is consistent with work by
lated dipoles(considering the componept, along the mol- ~ Yoshimuraet al,?® who found in optical measurements an
ecules a potential dropA ¢/e of —1.25, 0.20, and-1.28 V  absorption peak energy of 4.9 eV for TDA and and 2.9 eV
for 4-ATP, AT, and ATD, respectively. The sign of the bar- for a copolymer of TDA and DAB. Fronab initio calcula-
rier slope is consistent with the sign of the dipole moment. Intions, Onipkoet al.found a gap value of 5 eV for 4-ATP and
particular, the near absence of a barrier slope in the AT mol4.1 eV for ATD?
ecule coincides well with the absence of an on-axis dipole The one-dimensional model that we have adopted to ex-
moment for this molecule. tract the barrier parameters is, in principle, a very simple
In addition to the dipole, which originates in the mol- gne. The advantageous formulation based on a limited num-
eCUleS, an interface dlpOle will be formed when the thiolber of physica' aspect&no'ecu'e |ength, effective barr%r
forms a covalent bond with the gold substrate. Since thgnakes the experimental system more transparent. Implicit
gold-sulfur distance is about 1.9 A, and typical Ch"’}gge_"ansfactors like the dipole action can be made more explicit af-
fer is expected to be-0.2e to —0.4e from Au 1o S;” this  (orywards. Specific assumptions about the tip DOS are not
would mean a dipole moment of 0.9 to 1'.8 .D and a pc_)tem'aheeded. As such the simplified approach gives a more gen-
drop of 0.7 to 1.4 V, respectively. It is difficult to estimate eral picture of the impact of assembled molecules on tunnel-

how Important is the contribution .Of this Au-S dipole. 'pg. The error margins in Tables | and Il give an indication
Screening was suggested to be important by Campbelor the correctness of the fit, within the constraints of the
et al,” and the contribution of the interface dipole was found '

to be small. In our experiments, apparently the contributior{mdel'.FOr smaI_I changes in the barrier shape, _no_large shifts
likewise is small. in the fitted barrier parameters were observed indicating that

The fit results yield effective tunnel barrier heiglighich the model can acceptably treat the experimental variations.

represent the distance between the gold Fermi level and tHQ all cases, a trapezoidal shape is necessary to obtain a good

. . S agreement between experiment and fit.
closest molecular orbital with significant couplingf ap- gThe difference in ar%bient condition@itrogen vs air

does not seem to have a significant impdgg. 2 vs Fig. 3,
and Fig. 5 vs Fig. 6, respectivelyOnly for gold is the bar-
@ ® ’® rier shape quite different, but this can be attributed to the
2o o o measuring procedure: the nitrogen measuremefis. 2)
T were taken on a single spot, whereas for the air measure-
e o — S ments(Fig. 3) the |-V curves were taken over a large area,
thus resulting in an averaged and more reliable picture. The
@ @ ® agreement between the obsented curves in air and nitro-
gen for the assembled molecules excludes the assumption
o . that the always present capillary water film in the case of air
e e T R T e s ambient dominates. Instead, it may indicate that the mol-
ecules themselves are responsible for the observed behavior.
@ ® ® It is remarkable that all our fits result in a barrier thick-
nesss of roughly 8 A. The fits become significantly worse
(x? increases by more than an order of magnijudden
o i St i Yo fixing s to the length of AT or ATD(13 and 19 A, respec-
: tively). This implies that for the longer molecules the tip may
1o NG 0] be penetrating the molecular layer. In such a case, the trans-
o o parency of the longer molecules is not large enough to allow
T sufficient current through the full length of the molecde
T oo 4o least for the current setpoints, which are possible in our ex-
periment$. The possibly surprising aspect of our results is
that the disorder that would be introduced by penetration of
FIG. 7. Fits of Eq/(4) (solid lineg to the experimental results of the tip apparently does not have a strong effect on the asym-
Fig. 3 (squarey S.P. is the tunneling current setpoiat 500 m\j. metry introduced by the molecules. However, the fit results
(a)—(c) are for Au,(d)—(f) for 4-ATP, (g)—(i) for AT, and(j)—(I) for ~ are obtained within the assumptions of our model of uniform
ATD. DOS andm=m,, which may be too restrictive. Especially

S.P. =100 pA S.P. =200 pA S.P. =500 pA
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TABLE llI. Calculated dipolegx,y,zcomponentsfor 4-ATP, AT, and ATD from top to bottom. In the
calculation the molecules are oriented in the posiadérection. Thez component thus designates the dipole
moment along the surface normfals in Fig. 2 and will be important in the STM experiments.

Molecule Dipole Direction Py Py P,

-S-CgH4~-NH, -+ 0 0 1.659
-S-GgH,-N=C"-C¢H,-C"=0 +e— 0.037 —1.482 —-0.121
-S-GH,-N=CH-C4H,-C"=N-C¢H,-NH, ——+ —0.133 -1.073 1.693

an effective mass different fromn, would result in a differ-  the interpretation of the molecular electronic structure is still

ents (s scales with 1ym). Nevertheless, in Ref. 9, the tun- appropriate. Perhaps the tip is generally somewhat cleaned of

neling behavior of this class of molecules is investigatedadsorbates when it penetrates the top of the monolayer film.

from anab initio point of view. Also there, it is concluded

that the tip is penetrating in the molecules. As a function of V. CONCLUSIONS

setpoint, all molecules show a consistent decrease in the fit- .
i . S . . . In conclusion, we have analyzddV) spectra of self-

ted barrier thickness with increasing setpoint current, irre- .

. . o assembled molecular monolayers of short conjugated mol-
spective of the ambient conditions. Only the result for ATD . .
o . L . - ecules taken with STM. The molecules act as a potential
in air shows an increase in thickness for the highest setponﬁ

current(500 pA). The change in the barrier tilt should not be arrier to eleptron t(ansmlssllon. WIthOU.t resonances at Iegst
L ) . ) up to 1.5 V bias. This behavior is consistent with the gap in
regarded as a significant change in barrier heigbrisone or

both sides of the barrigbut rather as an indication for the the density of statgs eX|st'|ng. at_the Fermi level of such _moI-
. ; . ecules. The potential barrier is tilted due to permanent dipole
inaccuracy in the fitted parameters.

On crystalline gold substrates, we observed symmetric a@oments in such molecules, giving rise to asymmifi¢)

well as(sometimesasymmetric ST$(V) curves. Asymme- o1 VeS:

. . , . An important conclusion within the used model and the
try is not expected from the barrier profile, since the work L ) . )
: . specific assumptions in the context of experiments on elec-
functions of both Au and Pt are approximately equal. Al-

tronic transport through such molecules is that the fitted bar-
though generally on clean metal surfaces, no pronounced

bias-voltage dependence is obser¢kd. surface state on the rier thickness of less than 1 nm implies penetration of the
gold(111) surface at-0.4 eV has beeﬁ found by Kaiser and STM in the thicker monolayers. This suggests that transfer of

Jaklevic, which resulted in an asymmetdt/dV-V curve in more than a few pA/s through a typical single conjugated

STS? Note that such a surface state cannot be the cause r?qolecule of length larger than 1 nm may be difficult, at least

the asymmetry at the 1.5 V scale, which we observe for ouro" voltages that we can apply without destroying  the
) molecule.

molecular films.

The observed large-voltage-scale asymmetry in some
[ (V) curves on bare gold should probably be attributed to a
variability in tip properties. If an impurity atom adsorbs onto  This work is part of the research program of the Dutch
a Pt/Ir tip, it will likely be charged positively. This results in Foundation for Fundamental Research of MattEOM),
a local-small dipole, reducing the work function, and in anwhich is financially supported by the Dutch Science Founda-
enhanced density @mptystates near the Fermi level, result- tion (NWO). 1.J.G. acknowledges support from the Royal
ing in an enhanced current for negative sample voltage. ThiButch Academy of Science(KNAW). We acknowledge
is indeed the type of asymmetry we observed. Because theery useful and stimulating discussions with A. Onipko, Yu.
effects of the molecular layers in STS were systematic an&lymenko, and Yu. Nazarov. We thank Bernard Rousseeuw
reproducible, in contrast to the results for bare gold, we thinkor help with preparation of the samples.
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