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Tip–sample distance dependence of local work
function in Kelvin probe force microscopy on
Pb/Si(111) islands
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and Regina Hoffmann-Vogel a

To gain a better understanding of the Kelvin probe force microscopy (KPFM) method, it is important to

obtain a quantitative understanding of the measured contact potential difference (CPD) values as a

function of the tip–sample distance. This will allow a more complete quantitative understanding of the

electronic properties and the forces acting on the tip. Here, we chose Pb islands on a Si(111) 7 � 7

surface, metallic islands on a semiconducting surface. Using a scanning force microscope in frequency

modulation mode, we perform point bias-approach measurements at 120 K on Pb islands. We

investigate how the CPD changes as a function of tip–sample distance and how the electrostatic force

changes as a function of the applied bias between the tip and the sample. The measured distance-

dependence of the CPD not only allows a connection between the point-of-view of atomic resolution

KPFM and of the averaging effects of the body of the tip but also allows the investigation of the shape

of charged objects on the surface.

1 Introduction

Kelvin probe force microscopy (KPFM) is a method to deter-
mine local variations in the electrostatic potential of surfaces
and nanostructures.1,2 In this scanning force microscopy (SFM)-
based technique, the electrostatic forces measured between the
tip and the sample are minimized by applying a voltage to
compensate for the bias-dependent electrostatic interaction,
and the compensation voltage gives the contact potential differ-
ence (CPD). The measurements can be performed as a function of
the tip–sample distance and voltage.3 Voltage differences as small
as 3–30 mV can be measured with high precision using the Kelvin
method.4,5 The measured CPD is an effective quantity rather than
a purely local surface property. The electrostatic interaction is
long ranged and can include contributions from the surface
below the tip apex, the surrounding sample area, the tip cone,
and the cantilever.6 This capacitive averaging complicates quan-
titative CPD measurements, especially on nanostructured

samples with finite lateral dimensions.7–9 The influence of the
tip–sample distance on the signal has been discussed
critically.9,10 Additionally, the dependence of the CPD on island
size has been investigated.9

Electrostatic forces are known to be strongly distance-
dependent.11,12 The decay length of a certain Fourier component
present in the sample is its wavelength. This allows for atomic
resolution for short-range electrostatic forces under ultra-high
vacuum conditions.13–18 At the same time, long-range capacitive
forces remain present and can cause a distance-dependent CPD.
The measured value should therefore be understood as an
effective local CPD that contains both local electronic informa-
tion and the electrostatic weighting of the tip–sample geometry.

Pb islands on Si(111) are a suitable model system to inves-
tigate electrostatic forces, because metal islands are combined
with a semiconducting surface, and the electronic properties of
the system are well-known.19,20 Additionally, the system shows
interesting electronic properties such as the quantum size
effect. Electron confinement in the film-normal direction leads
to thickness-dependent electronic properties and work-
function oscillations.5,21,22 KPFM measurements on individual
Pb islands showed even–odd work-function oscillations as a
function of island height, demonstrating that SFM/KPFM can
access quantum-size effects close to equilibrium.5 Later work
showed that the apparent Pb island thickness has to be
corrected by one atomic layer, which changes the assignment
of the bilayer work-function oscillation for thin islands.5
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Here, we study the distance dependence of the CPD on Pb
islands on Si(111) and on the wetting layer surrounding the
islands. We show that the CPD has a different distance depen-
dence on the metal compared to the wetting layer. The distance
dependence is in accordance with the expected distance depen-
dence known from the shape of the objects in the macroscopic
world. As expected, an island viewed as a plane capacitor shows
a constant CPD whereas line-like objects show a logarithmic
distance dependence due to long-range contributions to the
electrostatic tip–sample interaction.

2 Experimental methods

As a substrate, we use phosphorous doped n-type Si(111) with a
resistivity of r = 7.5 O cm. By briefly heating several times to
1200 1C in our vacuum chamber with a base pressure of
3 � 10�10 mbar, we achieve a clean reconstructed Si(111) 7 �
7 surface. We use electron beam evaporation (Oxford Applied
Research, equipped with an ion flux monitor) to deposit Pb
with a flux of 10–25 nA onto the Si(111) 7 � 7 surface kept at
T = 300 K. Immediately after the deposition, we transfer the
substrate into the SFM (Omicron VT-AFM) which had been
cooled to 120 K by liquid nitrogen.

We use Si cantilevers (Nanosensors, Neuchatel, Switzerland
(type PPP-NCL or type SSS-NCL) with a longitudinal spring
constant cL of 45 N m�1, a resonance frequency f0 of 158 kHz
and a tip radius smaller than 10 nm which were cleaned by Ar
ion sputtering and subsequent heating to 150 1C. The SFM
measurements are performed in dynamic frequency modula-
tion mode with a constant amplitude of 5 nm using a Nanonis
(Specs Switzerland) electronics instrument. In the dynamic
mode, the oscillation amplitude of the tip is kept constant
and the frequency shift is used as a measure for the tip–sample
interaction. Kelvin probe force microscopy imaging is per-
formed by applying an oscillating voltage between tip and
sample with a typical frequency of 300 Hz and a typical
amplitude AKPFM of 1 V. The feedback loop is operated to
minimize the component of the frequency shift oscillating at
the same frequency by applying a suitable DC bias voltage to
the tip. However, the bias voltage sign convention has been
chosen in such a way that it represents negative charge on the
Si by large KPFM values—the same sign convention as used
previously in ref. 5.

We record the bias approach data with a self-written script.
First, the feed-back loop controlling tip–sample distance is
stopped and the tip is retracted. Then, the cantilever is
approached step by step and, at each point, the frequency shift
and current are measured against the bias. We obtain three three-
dimensional datasets of the frequency shift from which we
calculate the force partly using the method introduced by
Baratoff23 and partly by the Sader–Jarvis method24 and extract
distance-dependent bias frequency shift data. In addition, we use
the frequency shift distance curve measurement tool implemented
in Nanonis to determine the force as a function of distance above
Pb-islands and the wetting layer.

From the 3D data, we fit parabolae to the bias frequency
shift data and determine the maximum, i.e. the CPD, at each
tip–sample distance.

3 Results and discussion

Fig. 1(a) shows a topographical overview of Pb islands grown on
a Si(111) 7� 7 surface. The islands are mostly extended along the
terraces with step edges running from the lower left corner of the
image to its upper right one. Only in some cases the islands grow
over more than one terrace. The plane has been adjusted such
that different heights of islands directly result in different values
of the gray scale. Fig. 1(b) shows the simultaneously recorded
KPFM image. The Pb islands appear as dark regions and show a
smaller CPD compared to the wetting layer. Among the islands,
different CPD values in one island are resolved. We attribute
these different values to the quantum size effect and to different
numbers of monolayers (ML) in the same island due to ring
structures in the topography and/or growth over several terraces.5

The wetting layer shows a strongly inhomogeneous CPD due to its
disordered nature and can show several phases which are also
disordered. It is one atomic layer thick but contains more Pb
(1.3 atomic layers) than one atomic layer of Pb. In previous
publications island-shaped features on the wetting layer were
attributed to the disappearance of islands as a function of time
due to diffusion.25 Here, we suppress such diffusion effects by
transferring the substrate into the pre-cooled SFM directly after
evaporation and conserve the wetting layer in its disordered state
formed at the substrate temperature during deposition at 300 K
by rapid cooling to liquid nitrogen temperatures.

Fig. 2(a) displays the frequency shift Df (V) measured with a
different tip above a 5 ML high island (gray) and the wetting
layer (red) as a function of voltage V. We describe the electro-
static force Fel(z) by describing the tip and sample as a capa-
citor,

FelðzÞ ¼
1

2

@C

@z
V � VCPDð Þ2 (1)

Fig. 1 (a) SFM topographic overview image of Pb islands with different
numbers of monolayers (MLs). The wetting layer is located between the
islands. (b) Corresponding KPFM measurement with CPD ranging from
82 mV to 53 mV. Frequency shift Df = �21 Hz, cantilever oscillation amplitude
A = 5 nm, spring constant cL = 45 N m�1, resonance frequency f0 = 158 kHz,
Kelvin frequency fKPFM = 300 Hz, and Kelvin amplitude AKPFM = 780 mV.
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where z is the tip–sample distance, C is the tip–sample capa-
citance and VCPD is the contact potential difference measured
in V. Often the tip is modelled as a cone with a spherical cap,
where the part attributed to the sphere against a metallic
surface is given by

FelðzÞ ¼ pe0 V � VCPDð Þ2 Rtip
2 1� sin y0ð Þ

z zþ Rtip 1� sin y0ð Þ
� �: (2)

Here, e0 is the vacuum permittivity, Rtip is the radius of the
spherical part of the tip, and y0 is the tip opening angle.26,27

The acquired spectra were fitted with a parabola as shown in
green color. The maximum of the parabola corresponds to the
CPD between the tip and the surface. Determining the maxima
of both curves reveals a CPD of 300 mV between a Pb island and
the wetting layer measured with a different tip. The CPD of the
island is lower than that of the wetting layer as expected from
the KPFM measurements, shown in Fig. 1(b).

Both the SFM (Fig. 1(a)) and the Df (V) (Fig. 2(a)) measure-
ments suggest stronger attractive forces, i.e. a larger negative
frequency shift at VCPD, above the Pb islands compared to the
wetting layer. To study the tip–sample interaction in more
detail, we measure the frequency shift as a function of distance
above an island and the wetting layer. In Fig. 2(b) we show the
calculated force obtained from the Df (z) measurement. During
the measurement of Df (z), we compensate the electrostatic
force by applying the constant CPD determined at a given large
tip–sample distance to the tip for both the Pb island and the
wetting layer respectively. We observe almost no differences
between the island and the wetting layer at large tip–sample
distances. Near the point of closest approach to the surface, the
force minimum is shifted towards lower force values by approx.
0.8 nN over the Pb island compared to the wetting layer. We
attribute this shift to stronger attractive forces, to a stronger
chemical tip–sample interaction, and/or to stronger electro-
static attractive forces above the wetting layer compared to
the Pb island.

In order to study the electrostatic potential in more detail,
we perform Df (V, z) measurements on the same island and the
same area on the wetting layer. Fig. 3 shows the frequency shift
(a) for the Pb island and in (b) above the wetting layer as a
function of both tip–sample distance and bias voltage. At all
distances the bias-dependence of the data is well-described by a
parabolic fit function. We determine the CPD values by fitting
such a parabola to each curve. The result is shown in black in
Fig. 3(a) for the Pb island and (b) for the wetting layer. Panel (c)
and (d) show the same data in a three-dimensional parametric
representation. We clearly observe a parabolic dependence of the
force on the voltage even at the closest tip–sample distances for
the wetting layer. In panels (e) and (f) we present the CPD values
obtained by the parabolic fit as a function of the tip–sample
distance, the same data as the black line in Fig. 3(a) and (b).

Fig. 2 (a) Frequency shift Df (V) curves show a parabolic dependence on
the bias voltage, as expected. A parabolic fit is shown as two green dotted
lines. The CPD amounts to about 220 mV between the wetting layer (red)
and the Pb island (gray). (b) The force obtained as a function of tip–sample
distance from the measured Df data as described in the text shows a
stronger contribution of attractive forces above the Pb island (gray)
compared to the wetting layer (red) which lead to a down shift of the
force minimum of about 0.8 nN. Cantilever oscillation amplitude A = 5 nm,
spring constant cL = 41 N m�1, resonance frequency f0 = 158 kHz, Kelvin
frequency fKPFM = 1000 Hz, and Kelvin amplitude AKPFM = 500 mV.

Fig. 3 Df (V, z) data obtained over a 6 ML high island (a) and over the
wetting layer (b). The voltage is shown on the x-axis and the tip–sample
distance z is shown on the y-axis, while the frequency shift is color-coded.
The black line marks the CPD as a function of distance. (c) and (d) 3D
representation of (a) and (b). (e) and (f) Distance dependence of the CPD
for a Pb island (e) and the wetting layer (f) obtained from the data shown in
(a) and (b). The data in part (e) is well-described by an exponential function
shown in red as a guide to the eye. The values of the function are given in
the inset of the figure. (g) and (h) Data obtained on additional islands.
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While the CPD of the wetting layer (Fig. 3(f)) shows a clear
long-range distance-dependence, i.e. a variation above 1–2 nm
distance, the CPD of the island (Fig. 3(e)) shows a steep increase
at short tip–sample distances and then remains roughly con-
stant. Also the measurement taken above two additional islands
shows a strong increase followed by a constant (Fig. 3(g) and (h)).

We first discuss the steep increase in the short-range regime
in terms of either chemical bonding, which can result in charge
transfer and can generally be regarded as of electrostatic origin,
or the distance-dependence of electrostatic forces viewed from
classic electrostatics. To evaluate the tip–sample distance at
which it is relevant, it is important to describe how the tip–
sample distance has been calibrated: here, we use the tunnel-
ing current IT to calibrate the tip–sample distance z, i.e. we
measure IT(z) data and set the z-value of the IT onset to z = 1 nm.

We expect that these chemical bonds have a range of the
tunneling distance, approximately 1 nm. Also, we expect atomic-
scale electrostatic forces to be relevant at the same distances. The
atomic-scale arrangement itself has a two-dimensional periodicity
of wavelength l, and this leads to electrostatic Fourier compo-
nents of the decay length l as is well-known from textbooks and
has also been observed in previous experimental studies.28,29

Here, we use the 2d Fourier transform, where the x-axis and the
y axis of a function are Fourier-transformed, whereas the z-axis is
left unchanged and solve the Laplace equation in the space above
the sample. In general, we expect an exponential decay of the
electrostatic field 2d Fourier components of the potential F where
the decay constant l is the lateral wavelength of the respective 2d
Fourier component,28 i.e.

F(z) = A0 exp(�(z � z0)/l) + F0. (3)

Here, A0 and z0 are parameters to adjust the tip–sample
distance one of which is redundant, and F0 allows adjustment
for a different choice of the zero level for voltages.

In Fig. 3(e), a decay constant l of about 1/3 nm is not in
contradiction to a suitable description of the distance-dependence
observed in the experiment, a value close to interatomic distances.
This agrees well with the findings in ref. 30, where a Si(111) 7 � 7
was investigated experimentally as well as by simulations. How-
ever, the distance dependence varies from sample to sample. As
shown in Fig. 3(g), the data are compatible with a decay length of
approximately 0.4 nm and as shown in Fig. 3(h) with a decay
length of approximately 1 nm. In any case, only the tip apex is
affected by these forces; hence, there is no tip-averaging effect in
this case due to the short-range nature of the forces. Additionally
atomic relaxation could lead to altering the functional dependence
of the force on tip–sample distance.

We compare these results to the measurements of KBr
islands on InSb(001),9 where an insulator on a semiconductor
surface was studied. Also in this case a clear CPD change was
observed on the islands compared to the bare surface due to
uncompensated charge in the island. The distance-dependence
there was also on the order of 1 nm, but somewhat larger as
compared to our value, possibly due to differences in the short-
range chemical forces and/or electrostatic forces above KBr

(in ref. 9) as compared to Pb (here). Since the decay length of the
CPD change is somewhat larger and the measurement distance
range is shorter, it is less clearly observed that the CPD becomes
constant at large tip–sample distances as expected for an object
resembling a plane capacitor of infinite lateral size.

Next, we turn to the data obtained above the wetting layer
(Fig. 3(f)). The data look surprisingly similar to the ones obtained
recently above a graphene nanoribbon on the Au(111) surface:31

Apart from a shift of the absolute values of the CPD, and a
recalibration of the z-scale of approximately a factor of 10, the
data appear similar in Fig. 3(f) compared to the data shown in
ref. 31. For the graphene nanoribbon, the CPD versus distance
data were described by a logarithmic dependence, related to a
one-dimensional model of a line charge, a cylindrical capacitor:

FðzÞ ¼ r
2pe0

ln
z� Rcirccap

Rcirccap

� �
þ F0 (4)

where r is the charge per unit length. For this ln-function, there
is a parameter Rcirccap that adjusts the radius of the circular
capacitor. The radius of the circular capacitor Rcirccap leads to a
sharper function with stronger changes if the radius is smaller
and to a more smoothly varying function if the radius is larger.
By fitting, we obtain for the radius Rcirccap the value 3.3 nm. The
comparison between the data shown here and the ones from ref.
31 leads us to conclude that the object causing the distance
dependence shown here is about three times larger in size
compared to the width of a graphene nanoribbon, of approxi-
mately 1 nm width. The line charge is obtained to be approxi-
mately 7 � 10�3e nm�1, a weak charge.

This points to the fact that the electrostatics of the wetting
layer can be modelled by one or more line-like objects. In order
to identify which objects could be causing these electrostatic
forces, one could think about the Pb on Si itself, about domain
boundaries of differently ordered phases, line-like phases, step
edges or the edges of Pb islands. We assess that the edges of the
Pb islands are likely to be too far away from a central position
on the wetting layer, given the structure shown in Fig. 1. The step
edges18 are located below the islands as well as the wetting layer,
but apparently do not influence the island KPFM measurement
possibly due to the shielding by the metallic overlayer. The
shielding of the wetting layer could be insufficient or the charge
of the step edges in this region could differ from the ones located
below the island. Additionally, Pb on Si(111) shows phases that
form line-like objects, e.g. the incommensurate striped phase.32–34

We now turn to the influence of the tip on the measurement.
In what has been discussed above, a possible influence of the
tip, leading to averaging over a large area of the surface, has not
been detected although we expect that it must exist. Also for the
graphene nanoribbons (ref. 31), it turned out to be unnecessary
to include the shape of the tip in the considerations. Also there
the CPD had been compensated by applying a voltage between
the tip and the sample during imaging. Only static charge
distributions that are not compensated by applying a voltage
could lead to measurable forces. These static charge distribu-
tions have the shape of the sample capacitor and are mimicked
in the tip (or vice versa). We can summarize that for many
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nanostructures, the same laws apply as in the macroscopic
world and that, indeed, in many cases, the tip can be thought of
as a perfect metal that mimics the sample charge distribution
given by its shape. Only if the relevant Fourier components of
the tip and the sample and the distance range studied are of the
same order, a more complicated analysis is necessary.

4 Conclusions

We studied the CPD as a function of the tip–sample distance for
Pb islands on a Si(111) 7 � 7 surface and on the wetting layer.
While the CPD on the island showed a short-range dependence
of the atomic scale followed by a constant regime with no
dependence on distance, the data on the wetting layer demon-
strated a strong distance-dependence that we relate to local
line-like inhomogeneities at the scale of less than about 10 nm.
For the island, the tip is well-described by a perfect metal that
mimics the charge distribution of the sample. Our results are
the basis for the investigation of time-dependent electrostatic
forces, both studied in a quasi-static way35 and for increasingly
short time-scales.
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