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We demonstrate that the soft nature of organic semiconductors can be exploited to directly measure
the potential distribution inside such an organic layer by scanning-tunneling microscope (STM) based
spectroscopy. Keeping the STM feedback system active while reducing the tip-sample bias forces the tip
to penetrate the organic layer. From an analysis of the injection and bulk transport processes it follows
that the tip height versus bias trace obtained in this way directly reflects the potential distribution in the
organic layer.

DOI: 10.1103/PhysRevLett.88.096803 PACS numbers: 73.61.Ph, 68.37.Ef, 71.20.Rv
One can identify two approaches to the investigation of
charge transport in organic semiconductors. On the one
hand, there is a large body of work on bulk devices, in
the simplest case consisting of an organic layer, with a
typical thickness d of 100 nm, sandwiched between two
metallic electrodes [1,2]. Obviously, the spatial resolution
is extremely limited in such experiments [3,4]. On the
other hand, highly local techniques like scanning-tunneling
microscopy (STM) are often used for the investigation of
the electronic structure of individual molecules [5]. In this
case, samples with a single (sub-)monolayer of organic
molecules on a conductive substrate are used. It was shown
in the pioneering work of Alvarado et al. that STM on
layers of “device” thickness can be a bridge between these
two approaches [6,7]. By ramping the tip-sample bias with
the STM feedback system enabled, a so-called tip height
vs bias (z-U) curve is obtained. The authors identified the
plateaus in z-U curves as the single particle band gap and
found strong microscopic fluctuations in this gap, related
to spatial inhomogeneities [7].

In this Letter we report on combined spectroscopic
measurements by STM on 2-methoxy 5-(3’,7’dimethy-
loctyloxy)-1,4-phenylene vinylene (MDMO-PPV) on gold
substrates and perform, for the first time, a detailed
analysis of the functional shape of tip height-bias curves.
We find that these curves directly reflect the normal
component of the potential distribution in the polymer at
the start of the z-U measurement. Moreover, we have
developed a theoretical model that consistently describes
these experiments. Our results are valid independent of
the particular tip, substrate, and organic materials used.

Our samples consist of a glass substrate, on which a
100 nm gold electrode is evaporated at 1026 mbar. On top
of the metal electrode a MDMO-PPV layer is spin coated
from hot (60 ±C) orthoxylene under ambient conditions.
All STM experiments are performed at room temperature
in the dark, in helium gas. However, the samples are
transported and mounted under ambient conditions, lead-
03-1 0031-9007�02�88(9)�096803(4)$20.00
ing to a total exposure time to air of about 15 min. The
tunneling tips, which act as counterelectrode, are etched
from 0.15 mm Pt wire. The tip is virtually grounded and
the bias U is applied to the substrate. From scanning-
electron microscopy measurements we found that our
tips are very smooth and typically have an apex radius
of 50 nm. All spectroscopic curves are taken during
scanning a 25 3 25 nm area and averaged over multiple
curves taken on a 8 3 8 or 16 3 16 grid, unless stated
otherwise. In intrinsically disordered materials like the
films used here, no effects of increased disorder due to the
penetration of the tip are observed. This is in contrast with
similar measurements performed on poly(3-hexylthio-
phene) where the intrinsic ordering [8] is clearly destroyed
after the first penetration of the tip.

The model we use to interpret our data takes both the
current injection process at the metal-polymer interface
and the conduction in the bulk of the polymer explicitly
into account; see the inset of Fig. 1. Since both Pt and Au
are high work function metals the electron injection can be
neglected and only the hole current is considered. The in-
jection current equals the sum of the tunneling, thermionic,
and interface recombination currents and is basically cal-
culated as indicated in Ref. [9]. However, the tunneling
component is calculated in the WKB approximation, as
described in Ref. [10]. For the present problem this ex-
tension is essential, since it allows us to deal with arbi-
trary injection barriers. The effect of the barrier lowering
by the image force on the injection current has been taken
into account. The bulk current is described in terms of
space-charge limited conduction (SCLC) with a mobil-
ity that depends on the local electric field as m�E� �
m0 exp�gE1�2� [1]. The injection and bulk regions are
matched by the demands of current, field, and potential
continuity. Our model can be regarded as an extension of
the work of Datta et al. [5] to layers consisting of many
molecules. In Ref. [5] it is shown that the electrostatic
potential of a single dithiol molecular layer on a gold
© 2002 The American Physical Society 096803-1
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FIG. 1. (a) I-U characteristics. The current set point at U �
10 V is indicated on the left-hand side. The symbols are experi-
mental data; the solid line is the result of the numerical model.
The inset schematically shows the band diagram under forward
bias. (b) z-U measurement on the same sample. For both cal-
culations: fh,Pt � fh,Au � 0.5 eV.

substrate is not equal to that of the metallic substrate, but
in between that of the substrate and the tip. It will, how-
ever, become clear that a model that simply determines the
electrostatic potential in the polymer layer by linear inter-
polation between substrate and tip [5,11] cannot describe
our experimental findings.

Figure 1 shows a typical result of combined I-U and
z-U measurements. The thick solid lines are the results
of our model calculations using m0 � 5 3 10211 m2�V s
and g � 5.4 3 1024 �m�V�1�2, which are taken from
Ref. [12]. The density of states (DOS) in the bulk is
taken NDOS � 1 3 1027 m23 [9]. The barrier heights for
injection from substrate, fh,Au, and tip, fh,Pt, and the
tip-sample separation are used as adjustable parameters
096803-2
[13]. The values found for fh,Au and fh,Pt agree well
with values obtained from device modeling [1] and
internal photoemission [2]. Moreover, the low injection
barriers found justify the assumption of unipolarity. It is
apparent that the description of the I-U characteristics by
the model is excellent over 4 orders of magnitude. The
calculated z-U curve, however, lacks the structure that is
present in the experimental curve, although the average
slope of both branches is reproduced. Thus, it is essential
to discuss which information can be extracted from
z-U curves.

Below, it is demonstrated that z-U curves directly re-
flect the normal component of the potential distribution
that is present between tip and sample electrode at the start-
ing point of the z-U measurement. The injection barrier,
and thus the injected current, depends only on the local
field E0 at the injecting contact and material properties, of
which the barrier height for injection is the most important.
Since the feedback loop is enabled during a z-U measure-
ment, the (injected) current has to remain constant, and
thus E0 has to stay constant at all U. In other words, the
injection barrier is always the same for a given current.
For SCLC transport in homogeneous materials the poten-
tial is fully determined by the current density, the field
E0 at the injecting contact, and, again, material properties.
Since these are all constants during the measurement, the
potential that extends down into the polymer from the in-
jecting contact is fixed, up to the counterelectrode. This is
illustrated in Fig. 2. The alignment of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecu-
lar orbital (LUMO) levels with the counterelectrode is also
a given quantity (fh,s and fh,t, respectively, in Fig. 2).
Therefore, the only possibility to keep the current constant
with changing bias is to move the tip backward or forward,
exactly following the potential distribution, as shown by
traces A and B in Fig. 2. Summarizing, the tip movement
with changing bias is directly linked to the fixed poten-
tial distribution, which extends from the injecting electrode
down into the polymer.

Now that z-U curves are shown to directly reflect the
potential distribution between tip and sample, the wiggles
in the experimental z-U curves are, via Poisson’s law, di-
rectly related to the presence of additional charges in the
sample. We have extended our model to account for the
additional band bending due to these charges. We assume
that the charges are distributed in half-Gaussian profiles at
each of the injecting contacts. The charges at the tip side
follow the tip movement. From fitting to the data a peak
density of 0.06NDOS and a width of 4 nm are found. The
negative and positive charges are present at the positive
(injecting) and the negative (collecting) electrode, respec-
tively. With this extension, the experimental curves are
reproduced very well, as is shown in Fig. 3. The asym-
metry around zero bias is reproduced by the choice of
a smaller barrier for gold than for platinum. The nature
of the additional charges is uncertain at present; possibly
they arise from charge trapping on oxygen-related defects
096803-2
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FIG. 2. Schematic band diagram, showing the direct link be-
tween the potential in the polymer and measured z-U curves.
The upper (lower) thick curve is the LUMO (HOMO) level; the
light (dark) gray area is the tip (sample) density of states, up to
the Fermi level.

that are present in our samples due to the exposure to air.
Alternatively, the positive charges could be explained by
band bending due to the proximity of the metal electrode
[14]. A possible mechanism to stabilize charge near the
metal-polymer interface is the formation of a bipolaron
lattice [15,16]. Interestingly, both the length scale and the
amount of charge that we find from our modeling agree ex-
tremely well with those reported for such a bipolaron lat-
tice [14,15]. Finally, we stress that the curves in Fig. 1(a)
are calculated without additional charges. Although they
are apparent in the z-U curves, these charges do not have a
clear signature in the I-U curves. This is particularly im-
portant since I-U spectroscopy is the most common mea-
surement on devicelike structures.

We now discuss the spreading in the individual I-U and
z-U curves. In Fig. 4 the individual I-U curves contribut-
ing to the average curve in Fig. 1(a) are shown. Although
the curves cross the set point I0 at 110 V, there is a large
spread at lower biases. These fluctuations appear to be to-
tally random, and no spatial dependence was observed:
taking consecutive I-U curves at one position yielded
similar results. Therefore, we interpret these as the ef-
fect of random fluctuations in the molecular conforma-
tion at the injecting contact. Combining the experimental
data and the model calculations we deduct barrier height
variations of 60.05 eV. Since the current has to be 1.0 nA
at 10 V, this translates to a variation in the tip-substrate dis-
tance of 2 nm. The variation obtained in this way agrees
very well with the observed spreading of 3 nm in the in-
dividual z-U curves; see Fig. 3. Here, the fluctuations are
not only driven thermally, but also by the downward move-
ment of the tip. Since their magnitude is very similar to
that obtained from the analysis of the I-U curves, it is rea-
sonable to assume that they have the same origin. Most
likely, different arrangements of the molecules close to the
injecting contact show up as variations in the injection bar-
rier height. In large area devices these fluctuations will be
averaged out.
096803-3
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FIG. 3. Same data as in Fig. 1(b). The thin gray lines are indi-
vidual measurements; the thick solid line is their average. Calcu-
lation (dashed line) with additional charges near both electrodes;
see text. fh,Pt � 0.5 eV, fh,Au � 0.15 eV; other parameters as
in Fig. 1.

It is known that, depending on the injection barrier
height, either the injection or the bulk transport can be the
current limiting process in organic material-based devices
[1]. In Fig. 5 calculated z-U curves are plotted for tip in-
jection barriers from 0.25 to 1.5 eV.

For hole injection, and coming from large biases, a
plateau sets in as soon as the Fermi level of the inject-
ing contact aligns with the HOMO level at the collecting
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FIG. 4. Individual I-V curves. The thick lines are calculations
with different injection barriers and sample thickness. Unspeci-
fied parameters as in Fig. 1.
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FIG. 5. Calculated z-U curves, without additional charges.
The inset is a zoom-in at low bias. Unspecified parameters as
in Fig. 1.

contact, i.e., as soon as direct tunneling to the collect-
ing contact is possible; see also Fig. 2. The width of the
plateau in Fig. 5 thus reflects the alignment of the HOMO
level with the Fermi level of the collecting contact, which
is simply the hole injection barrier of that contact [17]. For
unipolar devices, as discussed here, the plateaus at positive
and negative bias add up to the sum of the injection bar-
riers of the dominant carrier. When the tip dominates the
injection process at both polarities [18], the sum equals
the single particle band gap [7]. Calculations beyond the
planar model used here [19] show that when z & Rtip in-
jection is dominated by the contact with the lowest injec-
tion barrier, and that the planar model is sufficient. On the
other hand, when z ¿ Rtip field enhancement at the tip
apex can lead to a dominance of injection from the tip at
both polarities.

The curvature of the bands that is characteristic for
SCLC is reflected in the curved z-U spectra obtained at
negative bias for low fh,t, i.e., 0.25 and 0.5 eV. For higher
injection barriers the current is no longer space-charge lim-
ited, but injection limited, and the bands and thus the z-U
curves become straight. In this case, the slope is the recip-
rocal of the field E0 that is needed to inject the required
current. Thus, with increasing barrier height, the slope at
negative polarity decreases. Note that the height of the
barrier shows up in the plateau width at positive polar-
ity, which develops with increasing fh,t; see the inset of
Fig. 5.

Summarizing, combined spectroscopic measurements
are performed on MDMO-PPV layers on Au substrates.
We find that z-U curves directly reflect the potential dis-
096803-4
tribution between tip and sample electrode. This provides
one the unique possibility to directly measure V �z� inside
a polymer device under operational conditions. Moreover,
the spreading in both I-U and z-U curves as discussed
is explained in terms of fluctuations in the molecular
arrangement at the injecting contact. Finally, the transition
from space-charge limited to injection limited conduction
is discussed.

The research of Dr. M. Kemerink has been made
possible by the Royal Netherlands Academy of Arts and
Sciences.
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