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Tunneling spectroscopy study and modeling of electron transport
in small conjugated azomethine molecules

J. J. W. M. Rosink,* M. A. Blauw, L. J. Geerligs, E. van der Drift,† and S. Radelaar‡

Delft Institute of Microelectronics and Submicron Technology and Department of Applied Physics, Delft University of Technol
P.O. Box 5046, 2600 GA Delft, The Netherlands

~Received 6 December 1999!

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 moment~normal to the gold surface!, in agreement with
the asymmetricI (V) curves. For 2 V bias and larger, the film is modified by the measurement, which prevents
measurements of possible resonances at higher energies.
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I. INTRODUCTION

The electronic transport properties of organ
p-conjugated molecules have been the subject of many
cent studies, both theoretical and experimental. Different
perimental ways have been pursued to investigate conduc
through molecules, which can be grouped in two approac
contacting isolated single molecules or molecules in t
~usually monolayer! films,1,2 or studying transport in thick
films and devices, such as organic thin-film transistors
light emitting diodes.3

A major goal in this research on molecular electronics
to study the transport along thep orbitalsinsidethe molecu-
lar chain. The natural approach is to try to obtain an isola
molecule between two electrical contacts, which is obviou
very difficult to realize and especially difficult to verify. Al
ternatively, a well-ordered system where the molecules
aligned can be used. Scanning tunneling microscopy~STM!
experiments have proven to be a very suitable tool for
investigation of ordered monolayer films. The STM allow
electrical contacting of one or a few molecules at a time.1 In
the same experiment, it allows imaging of the structu
characteristics of the film.

In this work, we have used the STM to study sm
phenyl-based molecules~oligomers!, which have been grown
from their constituting monomers on gold substrates.4 The
STM acts as a contact on the ‘‘top’’ side of the film to one
a few molecules. The supporting gold substrate acts as
other ~‘‘bottom’’ ! contact. The monomers are basica
single benzene derivatives with two functional groups in
para position. In the growth process these groups react
link the conjugated rings together, and extend the conju
tion over the whole length of the resulting molecule. Th
process results in a monolayer film of molecular wire
aligned upwards with respect to the substrate~see Fig. 1!.

This paper presents scanning tunneling spectroscopy m
surements~STS! and their interpretation. Our measuremen
are off-resonance with respect to the molecular orbitals,
electrons tunnel at energies in the gap between the HO
~highest occupied molecular orbital!, and the LUMO~lowest
PRB 620163-1829/2000/62~15!/10459~8!/$15.00
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unoccupied molecular orbital!. If the distance from the Ferm
level to the HOMO and LUMO is large, a simple Wentze
Kramers-Brillouin ~WKB! approach for tunneling of
electrons5 will be applicable. This means that the molecu
acts as a tunneling barrier between two metal electrodes.
will motivate and use a model that, apart from the tunnel
distance, includes only the barrier height on both sides of
barrier. Dhiraniet al. used a similar approach, based on t
‘‘band picture’’ of the molecules, where the position o
HOMO and LUMO determine the height of the tunn
barrier.6 Additionally, in Ref. 6, charge transfer from meta
to molecule was introduced as having influence on the sh
of the tunnel barrier.

In this paper we show that permanent dipole moments
the molecules appear to be a dominant ingredient for bar

FIG. 1. Schematic picture of the molecules under investigat
after their growth from solution by self-assembly. From left
right: 4-ATP, AT, and ATD. Abbreviations and deposition proc
dure are described in the text.
10 459 ©2000 The American Physical Society
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10 460 PRB 62J. J. W. M. ROSINKet al.
shape and height as found by analysis of asymmetry of
STS I (V) curves. This is consistent with work by Campbe
et al.,7 who investigated monolayers with permanent dip
moments as a means to suppress metal-organic Schottky
riers. In the model that we use in this paper, the voltage d
is distributed proportionally over the barrier. In a pictu
where the molecular properties are taken into accoun
more detail, the possibility that the chemical potential of t
molecule is more fixed to the substrate is considered.8,9

This paper is organized as follows. In Sec. II, we give t
experimental details of the growth of the molecular laye
and results of the scanning tunneling spectroscopy. In S
III, we describe the theoretical model for our experiments

FIG. 2. ExperimentalI -V curves at a bias of 500 mV for a
setpoint of~a! 100 pA~5 GV!, ~b! 200 pA~2.5 GV!, and~c! 500 pA
~1 GV!. Each curve is an average of 60–70 % of 1024 curves, ta
at a single spot on the sample in a nitrogen atmosphere.
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Sec. IV, we discuss the fits of the model to the experimen
results in the context of the properties of the molecules
results from literature.

II. EXPERIMENT

Gold substrates were prepared by depositing a thin-fi
~100 nm! of gold on thermally oxidized~200 nm! silicon.
The organic molecules were grownin situ from solution as
self-assembled monolayer films, by immersing the subst
sequentially in solutions of different monomers. Each i
mersion step results in the addition of a new monolayer fi

n
FIG. 3. ExperimentalI -V curves at a bias of 50 mV for a se

point of ~a! 100 pA ~5 GV!, ~b! 200 pA ~2.5 GV!, and~c! 500 pA
~1 GV!. Each curve is an average of 60–70 % of 1024 curves ta
on a regular grid of 100 nm2, in air.
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by selective chemisorption. The monomers are benzene
rivatives with two functional groups~-SH, -NH2 or -CHO! in
the para position: 4-aminothiophenol~4-ATP!, terephthaldi-
carboxaldehyde~TDA!, and 1,4-diaminobenzene~DAB!.
Monomers in this film react with the underlying layer resu
ing in either a covalent bond with the gold substrate
means of a thiol endgroup~Au-S-R first layer!, or an imine
bond ~R-CvN-R8, following layers!. No crosslinking can
occur. Once all sites are occupied, excess molecules from
solution are physisorbed only and can be gently removed
rinsing in the pure solvent. Figure 1 shows the molecules
have been studied in this paper. We use the following ab
viations: for one aromatic ring: 4-ATP, for two rings: AT
and for three rings: ATD. The aromatic rings are linked
gether through carbon-nitrogen double bonds~the imine
bonds!. p conjugation extends over all atoms but the co
pling with the sulfur is reduced.9 By angle-dependent x-ra
photoelectron spectroscopy measurements, in which the
emental composition as a function of depth was follow
and by ellipsometry, in which the thickness as a function
the number of monomer layers was followed, we have c
firmed that the molecules are oriented approximately perp
dicular to the substrate. A detailed description and anal
of the growth process is given elsewhere.4

STM measurements were performed with a Digital Inst
ments Nanoscope IIIa system with a TipView STM he
using freshly cut Pt/Ir tips. Both topographic and spect
scopic data@current-voltage,I (V), taken with interrupted
feedback loop# were obtained. With STM, for very sma
voltage~10–50 mV! and large current~; 1 nA! we observed
a)3) reconstructed@compared to the Au~111!131# sur-
face topography, which we associate with the sulfur ato
bonded to the Au~111! surface. The molecules order in
hexagonal pattern in a ()3))R30° structure with a
nearest-neighbor spacing of 4.960.3 Å, and a correspondin
coverage of 4.831018molecules/m2.10 However, with STM
at a low bias current, we did not observe crystal-like d
mains, such as monolayers of long-alkanethiol molecu
usually show. Topographic images show a considerable
ference between the bare gold substrates and samples
molecular films. In the latter case, the formation of pits

FIG. 4. Tunnel barrier profile used to model our STS expe
ments.E is the integration parameter in Eq.~4!, running from 0
to eV.
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often observed. In the literature, the occurrence of these
is attributed to etching of the underlying gold layers due
the reaction of thiol-groups with gold atoms, forming di
solvable complexes.11 Noise, in the form of height fluctua
tions, is larger in topographic images of films than of ba
gold.

I (V) spectra were taken for different feedback volta
and current setpoints, i.e., for different initial sample-tip d
tances. Tunnel resistances were in the range 1–10 GV; cur-
rent setpoints between 50 and 500 pA at 500 mV volta
bias. Experiments were performed both in air and dry nit
gen ambient, without clear systematic differences. 1024 c
secutiveI (V) sweeps were taken on a gold~111! terrace, at
a fixed position on the terrace or at a regular grid of 100 n2.
I (V) data presented in this paper represent the average
subset from the collectedI (V) curves, where only those wer
included in the averaging that were going through the s
point, within a factor of 0.8 to 1.2 or 0.7 to 1.5 of the se
current, to select curves which were not affected much
drift of the STM ~660–70 % of all curves!.12 Assuming
mostly fluctuations in thez movement of the tip as the sourc
of noise in theI (V), we have averaged ln (I ) vs V. The
polarity of the bias voltage is defined in the convention
way as representing the voltage on the substrate. This m
that for negative sample bias voltage, electrons tunnel fr
sample to STM tip.

Figure 2 showsI (V) curves taken on a single spot i
nitrogen atmosphere. Figure 3 showsI (V) curves taken on a
regular grid of 100 nm2 in air. All displayed curves are av
eraged in the way described above. The curves are nonlin
which we interpret below as due to the exponential incre
of transmission through a tunnel barrier when it is distor
by an applied voltage. Remarkably, tunneling spectra for
4-ATP and ATD films show asymmetric behavior, where
for all AT films the curves are approximately symmetric. F
a bare-gold surface the asymmetry varied, with someI (V)
curves symmetric and some asymmetric. The asymmetr
all experiments was always with higher current for negat
sample bias.

III. THEORY AND MODEL

Figure 4 shows the potential landscape used in our s
plified representation of a metal-molecule-metal sandwi
The tilted~trapezoidal! barrier, which was numerically inves
tigated by Brinkmanet al.,13 is the simplest potential~with
the smallest number of parameters! which in itself can de-
scribe our results of asymmetricI (V) curves. This potential
profile is a realistic physical representation if there is lo
transmission and the tunneling electron is a significant d
tance away from resonance with any molecular orbi
~From the absence of resonances in the experimentalI (V)
curves, we deduce that this distance is at least 1.5 eV.! In
that situation there is no strong distinction between the p
ture that the electron occupies the molecular density of st
~DOS!, which is exponentially small at the Fermi level, an
the picture that the molecule acts as a potential barrier, so
electron tunnels through the molecule. In both cases,
transmission of an electron can be approximately descri
by the WKB approach of a decaying wave function.14

-
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Of course, in the latter picture the barrier height is
effective quantity. We neglect the precise characteristics
the DOS in the molecule~position and width of the various
orbitals!, which are all summarized in the model paramete

FIG. 5. Tunnel barrier profile as determined from fits to me
surements in Fig. 2, according to Eq.~4!: ~a! Au, ~b! 4-ATP, ~c!
AT, and ~d! ATD.
of

.

It is expected that one orbital will dominate for the transm
sion, probably HOMO or LUMO, whichever is closest to th
Fermi level, although the spatial extension of the orbit
will have some influence here.8 We also neglect the details o

- FIG. 6. Tunnel barrier profile as determined from fits to me
surements in Fig. 3:~a! Au, ~b! 4-ATP, ~c! AT, and ~d! ATD.
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TABLE I. Results from Fig. 2: Parameters resulting from fits to trapezoidal barrier model. Errors i
last digit are given in parentheses after the fitted value.

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

Sample f t ~eV! fs ~eV! s ~Å! f t ~eV! fs ~eV! s ~Å! f t ~eV! fs ~eV! s ~Å!

Au 1.31~1! 3.50~4! 8.07~2! 1.28~1! 3.94~7! 7.35~4! 1.56~1! 3.77~5! 6.73~3!

4-ATP 1.15~3! 2.88~11! 8.55~5! 1.71~3! 2.73~14! 7.85~7! 1.02~2! 4.10~12! 6.84~5!

AT 1.50~2! 2.19~10! 8.82~8! 1.74~1! 1.85~4! 8.73~3! 2.05~1! 1.73~3! 8.07~2!

ATD 1.51~4! 3.86~25! 7.40~9! 1.32~4! 3.54~25! 7.35~10! 0.46~3! 4.32~11! 7.15~6!
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the potential barrier at the interfaces of molecule and m
electrodes, for which exact treatment would require quan
chemical calculations of which the accuracy will be difficu
to assess.

The tilt of the barrier is the essential ingredient for pr
ducing an asymmetric curve. This tilt can have a threef
origin. First, it can be due to different work functions of th
gold substrate and the Pt/Ir STM tip, second, the barrier
be geometrically asymmetric, and third, it can be due t
permanent dipole in the molecule~and perhaps other dipoles
at the tip or gold surface! as was shown by Campbellet al.7

We derived the tunneling current according to the WK
approximation for this potential landscape. The starting
pression is15,16

I ~V!5
2e

h E
0

eV

dEr t~E2eV!rs~E!T0~E,V!, ~1!

where T0 is the transmission probability as a function
energy and the prefactor 2e/h is an approximation which
assumes one-dimensional-quantized conductance bet
two states which match in energy and haveT051. r t(E) and
rs(E) are the local DOS of the tip and sample at an energE
referred to the Fermi level,e is the unit charge, withe.0,
andV is defined asVsample-Vtip as is the convention in STM
experiments~tip is grounded!. In here, we also take a zero
temperature approximation, which is allowed becausekBT is
only 25 meV compared to our experimental scale of 1.5

The transmission through the molecule~the barrier! is in
the WKB approximation given by the temperatur
independent-transmission probabilityT0(E,V):17

T0~E,V!5expH 2E
0

s

dzS 8m

\2 @U~z!2E# D 1/2J . ~2!

Here, U(z) describes the potential profile between tip a
substrate, referred to as the sample Fermi energy. For a t
potential barrier, the parameters are the tunnel barrier at
molecule-sample side (fs), the tip-side (f t), and the total
distance between tip and sample~s!:

U~z!5fs1~f t2fs1eV!•
z

s
, ~3!

wherez runs from sample to tip (z50, . . . ,s). Assuming a
uniform DOS (r t5rs51), Eqs.~1!–~3! can be combined to
obtain an expression for the tunneling current as a func
of applied bias voltageV:
al
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I ~V!5
2e2

h E
0

eV

dE

3expH 2E
0

s

dzF8m

\2 S fs1~f t2fs1eV!
z

s
2ED G1/2J

~4!

which we will use to fit the experimentalI (V) curves~we
put U2E[0 for U,E!. We will take m5me ~a deviation
would correspond to a scaling of the energies and/or
thicknesss of the potential profile!.

Note that we have neglected any possible structure in
DOS of the Au substrate or Pt/Ir tip. We think this is va
dated by the measurements on bare gold and we will co
back to this at the end of the next section.

IV. DISCUSSION

4-ATP and ATD show strongly asymmetricI (V) curves
with a higher current for negative sample bias. AT cons
tently shows roughly symmetricI (V) curves. Bare gold
shows varying results. The potential profiles responsible
this behavior, resulting from fits of Eq.~4! to the experi-
ments, are depicted in Figs. 5 and 6. In Tables I and II, the
parametersfs , f t , ands are shown. Figure 7 shows that th
fitted curves are in good agreement with the experime
results.

Apparently there is an important variation in molecu
properties between 4-ATP and ATD on the one hand, a
AT on the other hand, which is reflected in the tilt of th
fitted potential barrier. A related effect has been investiga
before, for self-assembled monolayers of nonconjuga
molecules, by Campbellet al.7 They established that mo
lecular dipole moments result in a change in surface w
function. If this work-function change is distributed linear
over the length of the molecule, a sloped potential profile
obtained as in our model. The magnitude of the changeDf
can be calculated from the molecular dipole moment, in
simple parallel plate approximation. For internal dipole m
mentm'

Df

e
52

m'N

«0« rA
, ~5!

whereN/A is the number of sites per unit area.
We calculated dipole moments of the individual mo

ecules ~4-ATP, AT, and ATD! using quantum chemica
techniques.18 The results are listed in Table III. For ou
monolayers with a ()3))R30° structure, N/A54.8
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TABLE II. 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 f t ~eV! fs ~eV! s ~Å! f t ~eV! fs ~eV! s ~Å! f t ~eV! fs ~eV! s ~Å!

Au 2.27~2! 2.37~5! 7.81~3! 2.15~1! 2.32~3! 7.55~2! 2.44~1! 2.10~2! 6.89~1!

4-ATP 0.96~1! 3.60~4! 8.49~3! 0.96~2! 3.19~8! 8.23~5! 0.93~1! 3.87~4! 7.18~2!

AT 1.67~1! 2.53~4! 8.27~2! 1.82~1! 2.12~4! 8.00~3! 1.98~1! 1.86~3! 7.54~2!

ATD 0.34~1! 4.55~3! 8.46~3! 0.70~1! 4.09~4! 7.63~2! 0.52~1! 3.40~3! 7.88~2!
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31018molecules/m2 and« r52.44. This yields for the calcu-
lated dipoles~considering the componentpz along the mol-
ecules! a potential dropDf/e of 21.25, 0.20, and21.28 V
for 4-ATP, AT, and ATD, respectively. The sign of the ba
rier slope is consistent with the sign of the dipole moment
particular, the near absence of a barrier slope in the AT m
ecule coincides well with the absence of an on-axis dip
moment for this molecule.

In addition to the dipole, which originates in the mo
ecules, an interface dipole will be formed when the th
forms a covalent bond with the gold substrate. Since
gold-sulfur distance is about 1.9 Å, and typical charge tra
fer is expected to be20.2e to 20.4e from Au to S,19 this
would mean a dipole moment of 0.9 to 1.8 D and a poten
drop of 0.7 to 1.4 V, respectively. It is difficult to estima
how important is the contribution of this Au-S dipole
Screening was suggested to be important by Camp
et al.,7 and the contribution of the interface dipole was fou
to be small. In our experiments, apparently the contribut
likewise is small.

The fit results yield effective tunnel barrier heights~which
represent the distance between the gold Fermi level and
closest molecular orbital with significant coupling! of ap-

FIG. 7. Fits of Eq.~4! ~solid lines! to the experimental results o
Fig. 3 ~squares!. S.P. is the tunneling current setpoint~at 500 mV!.
~a!–~c! are for Au,~d!–~f! for 4-ATP, ~g!–~i! for AT, and~j!–~l! for
ATD.
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proximately 2 to 4 eV. This is consistent with work b
Yoshimuraet al.,20 who found in optical measurements a
absorption peak energy of 4.9 eV for TDA and and 2.9
for a copolymer of TDA and DAB. Fromab initio calcula-
tions, Onipkoet al. found a gap value of 5 eV for 4-ATP an
4.1 eV for ATD.9

The one-dimensional model that we have adopted to
tract the barrier parameters is, in principle, a very sim
one. The advantageous formulation based on a limited n
ber of physical aspects~molecule length, effective barrier!,
makes the experimental system more transparent. Imp
factors like the dipole action can be made more explicit
terwards. Specific assumptions about the tip DOS are
needed. As such the simplified approach gives a more g
eral picture of the impact of assembled molecules on tun
ing. The error margins in Tables I and II give an indicatio
for the correctness of the fit, within the constraints of t
model. For small changes in the barrier shape, no large s
in the fitted barrier parameters were observed indicating
the model can acceptably treat the experimental variatio
In all cases, a trapezoidal shape is necessary to obtain a
agreement between experiment and fit.

The difference in ambient conditions~nitrogen vs air!
does not seem to have a significant impact~Fig. 2 vs Fig. 3,
and Fig. 5 vs Fig. 6, respectively!. Only for gold is the bar-
rier shape quite different, but this can be attributed to
measuring procedure: the nitrogen measurements~Fig. 2!
were taken on a single spot, whereas for the air meas
ments~Fig. 3! the I -V curves were taken over a large are
thus resulting in an averaged and more reliable picture.
agreement between the observedI -V curves in air and nitro-
gen for the assembled molecules excludes the assump
that the always present capillary water film in the case of
ambient dominates. Instead, it may indicate that the m
ecules themselves are responsible for the observed beha

It is remarkable that all our fits result in a barrier thic
nesss of roughly 8 Å. The fits become significantly wors
~x2 increases by more than an order of magnitude! when
fixing s to the length of AT or ATD~13 and 19 Å, respec-
tively!. This implies that for the longer molecules the tip m
be penetrating the molecular layer. In such a case, the tr
parency of the longer molecules is not large enough to al
sufficient current through the full length of the molecule~at
least for the current setpoints, which are possible in our
periments!. The possibly surprising aspect of our results
that the disorder that would be introduced by penetration
the tip apparently does not have a strong effect on the as
metry introduced by the molecules. However, the fit resu
are obtained within the assumptions of our model of unifo
DOS andm5me , which may be too restrictive. Especiall



le

PRB 62 10 465TUNNELING SPECTROSCOPY STUDY AND MODELING . . .
TABLE III. Calculated dipoles~x,y,zcomponents! for 4-ATP, AT, and ATD from top to bottom. In the
calculation the molecules are oriented in the positivez direction. Thez component thus designates the dipo
moment along the surface normal~as in Fig. 1! and will be important in the STM experiments.

Molecule Dipole Direction px py pz

•S-C6H4-NH2 2→1 0 0 1.659
•S-C6H4-N5CH-C6H4-C

H5O 1←2 0.037 21.482 20.121
•S-C6H4-N5CH-C6H4-C

H5N-C6H4-NH2 2→1 20.133 21.073 1.693
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an effective mass different fromme would result in a differ-
ent s ~s scales with 1/Am!. Nevertheless, in Ref. 9, the tun
neling behavior of this class of molecules is investiga
from an ab initio point of view. Also there, it is concluded
that the tip is penetrating in the molecules. As a function
setpoint, all molecules show a consistent decrease in the
ted barrier thickness with increasing setpoint current, ir
spective of the ambient conditions. Only the result for AT
in air shows an increase in thickness for the highest setp
current~500 pA!. The change in the barrier tilt should not b
regarded as a significant change in barrier heights~on one or
both sides of the barrier! but rather as an indication for th
inaccuracy in the fitted parameters.

On crystalline gold substrates, we observed symmetri
well as~sometimes! asymmetric STSI (V) curves. Asymme-
try is not expected from the barrier profile, since the wo
functions of both Au and Pt are approximately equal. A
though generally on clean metal surfaces, no pronoun
bias-voltage dependence is observed.21 A surface state on the
gold~111! surface at20.4 eV has been found by Kaiser an
Jaklevic, which resulted in an asymmetricdI/dV-V curve in
STS.22 Note that such a surface state cannot be the caus
the asymmetry at the 1.5 V scale, which we observe for
molecular films.

The observed large-voltage-scale asymmetry in so
I (V) curves on bare gold should probably be attributed t
variability in tip properties. If an impurity atom adsorbs on
a Pt/Ir tip, it will likely be charged positively. This results i
a local-small dipole, reducing the work function, and in
enhanced density ofemptystates near the Fermi level, resu
ing in an enhanced current for negative sample voltage. T
is indeed the type of asymmetry we observed. Because
effects of the molecular layers in STS were systematic
reproducible, in contrast to the results for bare gold, we th
d
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the interpretation of the molecular electronic structure is s
appropriate. Perhaps the tip is generally somewhat cleane
adsorbates when it penetrates the top of the monolayer fi

V. CONCLUSIONS

In conclusion, we have analyzedI (V) spectra of self-
assembled molecular monolayers of short conjugated m
ecules taken with STM. The molecules act as a poten
barrier to electron transmission without resonances at l
up to 1.5 V bias. This behavior is consistent with the gap
the density of states existing at the Fermi level of such m
ecules. The potential barrier is tilted due to permanent dip
moments in such molecules, giving rise to asymmetricI (V)
curves.

An important conclusion within the used model and t
specific assumptions in the context of experiments on e
tronic transport through such molecules is that the fitted b
rier thickness of less than 1 nm implies penetration of
STM in the thicker monolayers. This suggests that transfe
more than a few pA/s through a typical single conjuga
molecule of length larger than 1 nm may be difficult, at lea
for voltages that we can apply without destroying t
molecule.
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