Real versus Measured Surface Potentials
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ABSTRACT Noncontact potentiometry or scanning Kelvin probe microscopy (SKPM) is a widely used technique

to study charge injection and transport in (in)organic devices by measuring a laterally resolved local potential.

This technique suffers from the significant drawback that experimentally obtained curves do not generally reflect

the true potential profile in the device due to nonlocal coupling between the probing tip and the device. In this

work, we quantitatively explain the experimental SKPM response and by doing so directly link theoretical device

models to real observables. In particular, the model quantitatively explains the effects of the tip—sample distance

and the dependence on the orientation of the probing tip with respect to the device.
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n recent years, the potential mapping

on organic semiconductor devices has

been steadily gaining momentum.
Scanning Kelvin probe microscopy (SKPM)
and electric force microscopy (EFM) both of-
fer unique opportunities to measure local
surface potentials with ~100 nm resolution
on operational devices. Since the mea-
sured surface potential seems to reflect the
actual potential in the active layer and this
information is otherwise unattainable, these
techniques are becoming more and more
popular for characterizing physical aspects
of organic thin film devices’ such as charge
transport in polymer transistors® and
charge generation in organic solar cells.

As a consequence, the resolution of the
SKPM measurements is an important issue.
Several experimental and theoretical stud-
ies have identified the tip-to-sample
distance®™'* and the tip radius'>'® as the lim-
iting parameters. Actually, the lateral resolu-
tion is affected by the capacitive coupling be-
tween the entire tip, including the apex,
cone, and lever, and the device. Due to this
complex geometry, the problem is three-
dimensional, and so far, no predictive model
has been reported in the literature. The two-
dimensional simulations that have been
reported'”~2° do not account for the asym-
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metric influence of the lever,%?" which causes
the problem to become truly three-
dimensional. We used a standard organic
transistor layout without an active layer, see
Figure 1, as a relevant test system to quantify
the electrostatic tip—sample interaction. It ap-
pears that the measured potential profile be-
tween “source” and “drain” electrodes
strongly depends on whether the tip is paral-
lel or orthogonal to the channel. Moreover,
only a fraction (from 50% to 90%) of the ap-
plied voltage is observed in measured poten-
tial traces. It would seem, therefore, that fur-
ther investigations are needed to quantify
and understand the non-negligible influence
of the entire tip—sample interaction. This pa-
per describes a numerical tool, enabling the
quantitative prediction of the surface poten-
tial as measured by SKPM without the use of
any fitting parameters.

The rest of this paper is organized as fol-
lows. In the first part, we will describe the
principle of the surface potential measure-
ments which allows us to show the experi-
mental resolution problem in detail. In the
second part, we will describe the three-
dimensional SKPM simulations, and we will
confront them with the measurements on
the test devices.

RESULTS

Experimental SKPM Results. SKPM combines
the classical Kelvin probe technique with
atomic force microscopy (AFM). Ideally,
SKPM probes the electrochemical potential
of the sample under the tip apex, which in
the case of a metallic tip and sample with
work function x;, and Xsamples fespectively,
is equivalent to a measurement of the con-
tact potential difference V 4 = (Xyp —
Xsampie)/€ Where e is the electron charge.

The SKPM measurements are performed
on a commercial AFM system (Dimension
3100 connected to a Nanoscope llla control-
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ler equipped with a Quadrex module, Veeco Instru-
ments) using metallized cantilevers (OMCL-AC240TM,
Olympus, resonant frequency ~70 kHz, spring con-
stant ~2 N/m, lever thickness 2.8 pm, lever length
240 pm, lever width 30 pm). The tip height is 14 um,
and the tip radius is ~30 nm. Potential maps are
taken in interleave mode in which the potential is
measured at each scan line in a second pass at a pre-
defined lift height Az. An AC bias V,_ at frequency o
close to the AFM tip resonance frequency is applied
between the tip and the sample, in combination with
a DC voltage V.. The force along the z axis is given
by F, = —(V?/2)(dC/dz) with V = V4 + V. sin(wt) -
Vpa Where Cis the entire capacity between the tip
and the surface. By introducing the latter expression
into the force expression, the force at the resonant
frequency becomes F,, = (dC/d2)V,(V ,q — V4o The
force F,, is nullified by setting V.4 = V4. and does not
depend on the resonant frequency o which be-
comes a noninfluencing parameter. Strictly spoken,
this is only valid for a metal/metal configuration of
two infinite plates, and for the metal/semiconductor
case, V4 is different and is extensively described by
Hudlet et al.**

We performed SKPM measurements on bottom-
contact bottom gate transistor substrates while apply-
ing a source-drain voltage of 10 V. Because of the ab-
sence of an active layer, the naively expected potential
profile is a plateau at 0 V over the source and a plateau
at 10 V over the drain, linked by a straight line in the
channel, as indicated by the dotted line in Figure 1. The
SKPM result obtained for Az = 0 nm is shown in Fig-
ure 1. Wu et al.?® remarked that due to the oscillation
amplitude, Az = 0 nm corresponds at a tip-to-sample
distance around 30 nm. Clearly, several deviations from
the expected behavior are visible. The potential profile
is not constant over the electrodes; the highest curva-
ture does not occur at the channel edge; and the full
bias of 10 V is not visible. In the literature, several works
showed the same behavior.?>?*2® Moreover, depend-
ing on the tip-to-channel orientation (orthogonal or
parallel), the surface potential is dramatically different.
A second observation is the strong influence of the tip-
to-sample distance, which was discussed before* '* as
being a limiting parameter. Figure 2 shows a set of data
for different Az (0, 100, and 1000 nm). These observa-
tions have strong impact on the applicability of SKPM
for the investigation of (organic) transistors and other
devices, since the models to which the measured po-
tential profiles are compared do not take these limita-
tions into account. It should be emphasized that even
for the smallest lift height the error is non-negligible, as
witnessed by Figures 1 and 2. To overcome this prob-
lem, the raw data are often rescaled to the expected val-
ues, °3° although this is not common practice.?'*?
The rescaling procedure does not solve the problem
for both mathematical and practical reasons and de-
letes part of the information. In our case, such rescal-
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Figure 1. Top: table showing topography and surface potential measured on a
test device in two different orientations, tip parallel to the channel and tip per-
pendicular to the channel. Bottom left: schematic view of the probe area. Bot-
tom right: Potential profile as measured by SKPM. The symbols (lines) denote
experimental data (humerical simulations), done at 0 nm lift height. The applied
potential profile is shown as a dashed line. Note the difference in potential pro-
file depending on the cantilever orientation. The insets show the tip and sample
orientation. The blue dotted line shows a topography line section.

ing does not remove the rounding in the experimental
curves nor does it repair the geometry-induced asym-
metry. To quantify these problems and to come to a
workable link between device model and SKPM re-
sponse, we developed a fully 3D SKPM modeling. The
simulations discussed in the next sections excellently fit
the experimental data, as shown by the continuous
lines in Figures 1 and 2.
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Figure 2. Experimental (symbols) and modeled (lines) sur-
face potentials for three different tip-surface distances Az
over a 4.5 um long channel. Az = 0 nm (squares), 100 nm
(circles), and 1000 nm (triangles). (a) With the tip orthogo-
nal to the channel. (b) With the tip parallel to the channel. In
both cases, the measured voltage difference is decreasing
with the lift scan height. The insets show the tip and sample

orientation.
J
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Figure 3. Three-dimensional drawing of the tip—consisting
of the lever, cone, and apex—into a vacuum box which de-
termines the calculation space. The box size is 50 pm X 65
m (surface) X 25 wm (height). The drawn tip is not an ex-
act replica of the tip used in the experiments, but all charac-
teristic features (cone angle and height, apex radius, width,
and tilt of the lever) are reproduced. The inset is a zoom on
the tip meshing, showing that the apex is defined as a com-
bination of tetrahedrons which can lead to a limitation in
resolution (see text).

Simulation of SKPM. To simulate the SKPM technique,
we used a commercial finite-element package which al-
lows one to draw and subsequently simulate realistic
tip and device shapes (see Figure 3 (a) and (b)). An ad-
ditional organic layer, which would be present in an ac-
tual organic field effect transistor, can be easily added
in a future work. A meshing procedure fills the entire
space with tetrahedrons while conserving continuity at
their interfaces and builds up all objects as composi-
tions of tetrahedrons (see Figure 3 (b)). The discrete fill-
ing of tetrahedrons causes a limitation in resolution if
the meshing density is low. The software tool used al-
lows one to control the meshing in some detail, which
is crucial for reducing the numerical scatter to an ac-
ceptable level. The issue of numerical noise is further
addressed below in the discussion of Figure 5. It is im-
portant to point out that the model described above
does not have any fitting parameters, i.e., all parameters
are known prior to the simulation.

Subsequently, the SKPM response Vgypp, is calcu-
lated as follows: for a given tip-to-sample distance and
lateral tip position, the vertical force between the tip
and the surface is calculated as a function of V.. The
force F, versus V4 is a parabola as expected from simple
electrostatics, of which the potential Vgypp, that is mea-
sured by SKPM is the maximum (see Figure 4).

Then, for each new geometry, the force between
the tip and surface as a function of tip-to-sample dis-
tance is calculated. Figure 5 shows the force for both
tip-to-channel orientations. The curves are not smooth
since the meshing procedure creates a slightly different
distribution of tetrahedrons after every change in ge-
ometry. However, once proper settings are found, a
relatively smooth curve with few deviating points is ob-
tained. In the subsequent calculation of lateral SKPM
profiles, the particular tip-to-sample distances at which
scatter occurs are avoided. To check if the simulated
downward force is reasonable, a comparison with ana-
lytical expressions given in the literature for a system
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Figure 4. Vertical force between the probe (including the
cone, apex, and cantilever) and the entire device versus bias
applied to the probe. Since the SKPM technique nullifies
this force, the voltage at the extreme of the parabola equals
the SKPM output Vgyppm(x). The calculation is done in the
channel close to the source.

consisting of an apex plus a cone’® is made. We find
that both the order of magnitude and the behavior at
small separation are similar, whereas the height depen-
dence at larger separation is weaker in the present
case because of the (almost constant) coupling of the
relatively large lever to the sample, which is not present
in the analytical expressions.

Figure 2 (a) and (b) shows the experimental and
simulated surface potentials for three different lift scan
heights, 0, 100, and 1000 nm, in the orthogonal and par-
allel configuration. Clearly, all characteristic features in
the experimental traces like the nonconstant signal
above the electrodes and the loss of resolution with in-
creasing height are well reproduced by the calcula-
tions. Also, the dependence on tip-to-channel orienta-
tion is correctly described by the model. As anticipated,
the (lack of) symmetry of the experimental situation
with respect to the middle of the channel in the (anti)
parallel situation results in (a)symmetric SKPM traces.
Obviously, the real electrostatic potential profile is sym-
metric in both cases. We attribute the small differences
between the experimental and modeling curves to
slight differences between the modeled and true tip.
In particular, the precise inclination of the cantilever
and the exact shape of the cone are unknown.

Having established the model, it is worthwhile to
briefly point out some “scaling” properties of SKPM
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Figure 5. Vertical (downward) force between the tip and
the surface versus their separating distance. The calcula-
tions were done in the middle of the channel. Empty squares
(full squares) correspond to the tip orthogonal (parallel) to
the channel. The thin lines are a guide to the eye.
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Figure 6. (a) Potential profiles for three different source-
drain potentials V;p = 10, 1, and -10 V (top to bottom). (b)
as (a), after rescaling the curves in panel (a) by dividing them
by the applied source-drain bias.

measurements. Figure 6 shows three different biasing
configurations that are possible with the tip orthogo-
nal to the channel. Electrostatically, these situations are
equivalent. Therefore, provided that the shape of the
potential distribution V(x) is independent of the magni-
tude of the bias, as is the case in our test devices, one
may anticipate that all SKPM curves can be rescaled to
one “master curve” that only depends on the geometry.
Obviously, the same holds for the tip parallel to the
channel. For the simulations, this result implies that per
geometry only one calculation is needed and that
Vspm(X) of configurations with different biases on the
source and drain electrodes can be obtained by simple
rescaling. Note, however, that in many “real” devices
like FETs outside the linear regime, the shape of V(x) is
not independent of source-drain bias.

To qualitatively estimate the contribution of different
tip parts, Figure 7 shows the experimental potential pro-
file in the geometry with the lever orthogonal to the
channel and three different modeling curves. The solid
black line is calculated for the full 3D probe consisting of
the apex, cone, and lever. Calculations for a probe consist-
ing of the cone + apex (red dashed line) and only a single
apex (blue dotted line) are also shown. A few comments
can be given. As soon as the lever disappears to leave only
the apex + cone, the full potential difference at the elec-
trodes becomes 20% higher. Moreover, the nonsymmet-
ric potential profile that is calculated with the full tip be-
comes symmetric upon removal of the lever, reflecting

MATERIALS AND METHODS

The used samples were typical bottom contact and bottom
gate transistor substrates defined using UV lithography and lift-
off, i.e., a device structure that is commonly used in organic semi-
conductor research and technology. The structures were fabri-
cated on n™" —Si wafers with a thick (1 wm) thermally grown SiO,
oxide layer (g, = 3.9). The source and drain electrodes con-
sisted of 25 nm Au on top of a 5 nm Ti adhesion layer and were
shaped either as interdigitated fingers or as concentric rings,
both with various Width/Length ratios. For the present work, no
substantial differences between interdigitated and ring geom-
etries were found.

Numerical simulations were performed using COMSOL 3.2b
in combination with MatLab 7.1 running on a desktop PC with
2 GB of internal memory. In the simulations, the entire system
was split into three blocks, being the tip containing a semispher-
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Figure 7. Experimental potential profile in the situation with
the lever orthogonal to the channel (squares) and model-
ing for a full 3D tip (black line) containing the apex, cone,
and lever. The red dashed line is the simulation for a probe
consisting only of the cone + apex, the blue dotted line for
a probe consisting of only an apex.

the increased symmetry of the “reduced” probes. Also,
when the cone is removed from the calculation, the po-
tential profile becomes virtually identical to the true sur-
face potential. The minor deviations in the present calcu-
lation are due to the limited number of calculated lateral
points. From a comparison of these three situations, it fol-
lows that the optimal geometry for a practical probe is
one where (a) the cone is long—to reduce the coupling
between the sample and the lever—and slender—to
minimize the coupling between the sample and the cone
itself—and (b) the lever is narrow—again to avoid undes-
ired coupling to the sample. Moreover, to avoid asymme-
try, the lever is preferably kept parallel to the channel.

CONCLUSIONS

Summarizing, we have shown that the potential pro-
files that are measured by scanning Kelvin probe Micros-
copy do not purely reflect the electrostatic potential un-
der the tip apex but are strongly affected by the
electrostatic coupling between the entire probe and the
entire device, even at small tip—sample separation. We
have developed a 3D numerical model that enables one
to quantitatively predict the SKPM output from a known
potential distribution and geometry. The model is suc-
cessfully compared to SKPM measurements performed
on relevant test devices.

ical apex, a cone, and a parallelepiped lever, the surrounding
vacuum block, and a block representing the substrate surface
and contacts (Figure 3). Once the geometry was drawn, the sub-
domain settings had to be defined, the subdomains being
blocks. The tip was defined as platinum, and the space around
the tip was air. An organic layer, if present, was a dielectric layer
defined with a dielectric constant ¢,. To simplify the geometry
and avoid the need of remeshing for each lateral tip position, the
electrodes were assumed to have zero height, so their potential
can be analytically defined via boundary condition settings. The
order of error of this assumption had not been strictly checked
since the calculations would require a huge amount of memory
which was out of our computational possibility. However, we ex-
pected that the error was confined to a narrow region with a
width that was comparable to the electrode height, i.e., a few
tens of nanometers.
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The boundary settings were a DC potential V4. on the tip,
continuity for all the interior boundaries, and electric insulation
for the exterior boundaries. The surface potential chd(x) from
which the SKPM response Vg,pp Was to be determined was de-
fined as a boundary condition for the potential of the bottom
surface, using an equation function of coordinates (Oxyz). By de-
fining the surface potential on top of the gate oxide, the under-
lying bulk layers, i.e., the dielectric SiO, and gate n* —Si, needed
not to be defined anymore since the surface potential bound-
ary condition contained their contribution and (by definition)
screens everything underneath. Instead of moving the tip, which
required remeshing and caused significant numerical noise, the
channel was analytically moved along the x axis. Moreover, COM-
SOL offered the possibility to increase locally the meshing qual-
ity when the parameters by defaults gave a nonoptimized reso-
lution between the apex and the surface. The “maximum
element size” parameter specified the maximum allowed ele-
ment size, which by default was 1/10th of the maximum dis-
tance in the geometry. The apex had a maximum element size
equal to 0.09 in the COMSOL unit, corresponding to 18 nm. The
“element growth rate” determined the maximum rate at which
the element size can grow from a region with small elements to
a region with larger elements. The value must be greater or
equal to one. In our calculation, we took the element growth
rate at 1.7.
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