
Accuracy and resolution limits of Kelvin probe force microscopy

Ulrich Zerweck, Christian Loppacher,* Tobias Otto, Stefan Grafström, and Lukas M. Eng
Institute of Applied Photophysics, University of Technology Dresden, D-01062 Dresden, Germany

sReceived 28 October 2004; published 25 March 2005d

Kelvin probe force microscopy is a scanning probe technique capable of mapping the local surface potential
or work function on various surfaces with high spatial resolution. This technique can be realized on the basis
of either an amplitude-sensitive method or a frequency-modulation method, which are sensitive to the electro-
static force and its gradient, respectively. We present a detailed experimental and theoretical study of the
accuracy and resolution provided by the two methods, including the setup for the frequency-modulation
technique. Aus111d with a submonolayer coverage of KCl serves as a test sample exhibiting extended sharply
bounded areas that differ in work function by an amount well known from ultraviolet photoelectron spectros-
copy. The influence of all relevant experimental parameters on the measurement is investigated. The experi-
mental results are compared with the predictions of a numerical simulation based on a realistic model for the
tip-sample geometry. Good agreement is found. The experimental analysis allows us to specify the lateral,
vertical, and potential resolution that can be achieved with the two methods for a given tip size. Our work
clearly proves that the frequency-modulation method is preferable in most applications because itsid provides
much higher lateral resolution,sii d yields quantitative surface potential values on areas larger than the tip
radius, andsiii d is little affected by variations of the tip-sample distance during topographic imaging.

DOI: 10.1103/PhysRevB.71.125424 PACS numberssd: 68.37.Ps, 73.30.1y

I. INTRODUCTION

Since the invention of atomic force microscopy1 sAFMd
many different operation modes and setups have been devel-
oped for AFM investigations of specific physical properties
with a spatial resolution in the nanometer range. In particu-
lar, noncontact AFMsNC-AFMd,2,3 in which the force-
sensing cantilever is vibrated at its resonance frequency at a
small tip-sample separation, has become very popular within
the last couple of years, not only because it allows a nonde-
structive measurement of topography, but also because it
achieves atomic contrast even on insulators and single
molecules4,5 with an image quality similar to scanning tun-
neling microscopysSTMd.6 However, the forces acting be-
tween the AFM tip and the surface under inspection are
much more complicated to understand than the tunneling
current in STM. Besides the short-range forces which decay
on a similar length scale as the tunneling current,7–11 long-
range forces such as van der Waals and electrostatic forces
can strongly influence topographic imaging. In particular the
electrostatic forces play a major role for many applications.
These forces, on the one hand, may dominate the interaction
and even lead to inverted topography contrast, for example
on heterogeneous samples with spatial variations of the local
work function.12 On the other hand, long-ranged electrostatic
forces contain important physical information about the elec-
tronic properties of the sample surface.

Kelvin probe force microscopysKPFMd is a NC-AFM
operation mode in which the electrostatic interaction is mini-
mized by application of an appropriate bias voltage during
topographic imaging.13,14For metals this voltage corresponds
to the local work function difference between sample and tip
fcontact potential differencesCPDdg, whereas for insulators it
gives information about the surface charge. The use of
KPFM offers the advantage that not only the true topography
is recorded,12 but also a map of the surface potential distri-

bution is acquired.15 To date, KPFM has been used to mea-
sure local dopant concentrations,16,17surface charging due to
photoinduced charge separation,18–20 interface dipole layers
formed between a metal surface and an organic21,22 or ionic
thin film,23 electronic band bending at semiconducting
interfaces,24–29local material contrast on different facets of a
nanocrystal,30 at grain boundaries,31 and on ordered and dis-
ordered surfaces,32 to name only a few examples. In a few
experiments, even molecular33 or atomic contrast34 has been
reported. These examples show that the chemical contrast
provided by KPFM reveals important information in addition
to the sample surface topography.

Various methods for implementing KPFM have been pro-
posed so far. In electric force microscopysEFMd, for ex-
ample, the tip is scanned at a constant height above the
sample surface. At large distancess.10 nmd, the long-range
electrostatic forces dominate and can be measured indepen-
dently from topography.35 However, the method suffers not
only from an increased recording timestopographic and
EFM images cannot be acquired simultaneouslyd but also
from a reduced lateral resolution due to the large tip-sample
separation.

In this work, we concentrate on methods by which the
electrostatic interaction is recorded simultaneously to topo-
graphic imaging. These methods can be divided into two
groups.

sid The amplitude-sensitive methodsAM-KPFMd, in
which an additional ac voltage excites a mechanical oscilla-
tion of the cantilever.13 AM-KPFM has been implemented in
different variants, which all have their advantages and disad-
vantages, as discussed in more detail later. Common to all of
them is that they minimize the electrostatic force by nullify-
ing the mechanical oscillation amplitude.

sii d The frequency-modulation methodsFM-KPFMd de-
tects the resonance frequency shiftDf induced by the bias
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voltage applied between tip and sample. This method is quite
well established for single-point measurements.36 In this
case, the parabolic dependence ofDf on the bias voltage is
recordedfDfsUd parabolag and used to evaluate the CPD
between tip and sample. Kitamura and Iwatsuki37 modified
this method to simultaneously measure CPD and topography.
FM-KPFM is sensitive to the force gradient,3 which is much
more confined to the tip front end than the force. Hence, for
the FM method we expect a higher lateral resolution than for
the force-sensitive AM method.

In the following, we present results obtained with both
methods on well-defined samples with extended areas of dif-
ferent surface potential, measured with tips of known geom-
etry, widely varying spring constants, and different coatings.
These results are analyzed in detail regarding the dependence
on all relevant experimental parameters. Results of a numeri-
cal simulation are set in relation to the experimental data,
and allow us to extrapolate our findings to any tip size and to
specify the lateral, vertical, and CPD resolution to be ex-
pected for a certain tip.

II. PHYSICAL BACKGROUND OF KPFM

A. Electrostatic force

For both AM- and FM-KPFM, an ac voltage with fre-
quencyfmod and amplitudeUmod, superimposed on a dc volt-
age Udc, is applied between tip and sample. The resulting
oscillating electrostatic forceFel is given by

Fel =
1

2

]C

]z
U2 with

U = Udc −
Df

e
+ Umodcoss2pfmodtd. s1d

Df is the CPD between tip and sample. The capacitance
gradient ]C/]z depends on the tip geometry and the tip-
sample separationz. Hudlet et al.38 calculated the electro-
static force for a realistic tip model consisting of a truncated
cone that ends in a spherical cap of radiusR. For a simple
estimation, we can neglect the contribution of the cone and
apply the formula for a charged sphere at a separationz
above an infinite plane:38

Felszd = − p«0S R2

zsz+ RdDU2. s2d

Calculating the force forU=100 mV, R=15 nm, andz
=3 nm yields an electrostatic forceFel=−1.2310−12 N,
which produces a deflectionDb=Fel/k=−1.2 pm for a spring
constantk=1 N/m of the cantilever. This deflection is far
below the noise limit of most detection units.

Equations1d can be separated into three different terms as
follows:

Fel =
1

2
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Df

e
D2

+
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Umod
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s3d
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2 coss2 3 2pfmodtd. s5d

According to Eqs.s3d–s5d the electrostatic force consists of a
static part and two contributions atfmod and 2fmod. As men-
tioned above, the static part is difficult to detect, whereas the
dynamic part at fmod can accurately be detected with a
lock-in amplifier sLIA d in order to determine the CPDDf.

B. Amplitude modulation

In AM-KPFM sRef. 39d the electrostatic force oscillating
with fmod is measured by direct detection of the lever deflec-
tion by means of a LIA referenced tofmod. For determining
the CPD, a feedback loop tunes the detected amplitude to
zero by adjustingUdc to Df /e fsee Eq.s4dg. For a constant
modulation voltageUmod, the 2fmodcomponentfEq. s5dg only
depends on the capacitance gradient and, therefore, can be
used for measurements of the local capacitance or the dielec-
tric constant of the sample.40

Phase-sensitive detection of the mechanical oscillation
amplitude atfmod with a LIA already leads to a major im-
provement compared to detecting the static part ofFel. How-
ever, this method still requires soft cantileverss,3 N/md
with low resonance frequenciess,70 kHzd and large modu-
lation amplitudes in order to obtain a sufficiently large and
detectable mechanical deflection. One can achieve a larger
deflection, however, by using the first overtonef1 of the
cantilever to induce the mechanical oscillation by adjusting
fmod< f1. Compared to off-resonance modulation, the sensi-
tivity is increased by the quality factorQ1 of the resonance,
which under UHV conditions can reach values up to 105. It is
thus possible to excite the oscillation with a small voltage.
This is of major importance for semiconducting samples for
which voltages exceeding 100 mV may lead to asymmetric
bias-induced band bending.32 However, detection of the me-
chanical oscillation atf1 suffers from a long settling time,
t1=Q1/ f1, which drastically reduces the permissible scan
speed. Furthermore, the limited bandwidth of most detection
electronics allows excitation of the first overtonef1=6.28
3 f0 only for soft cantilevers, which have a resonance fre-
quencyf0 of typically less than 100 kHz.

C. Frequency modulation

An external long-range force with gradient]F /]z changes
the fundamental mechanical resonance frequencyf0=1/2p
3Îk/m* of a cantilever with an effective massm* as fol-
lows:

f08 =
1

2p
Îk − ]F/]z

m* < f0S1 −
1

2k

]F

]z
D . s6d

All long-range forces including the electrostatic forceFel
shift the resonance frequency according to Eq.s6d. The ap-
plied ac voltage modulatesFel and with it ]Fel/]z according
to Eqs. s4d and s5d. Hence, as follows from Eq.s6d, the
mechanical resonance of the cantilever is frequency modu-
lated with frequenciesfmodand 2fmod. Figure 1 shows a sche-
matic frequency spectrum of the cantilever oscillation. Be-
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sides peaks atfmodand 2fmod resulting directly from the force
modulation, sidebands appear atf0± fmod and f0±2fmod adja-
cent to the fundamental resonance peak atf0. These side-
bands originate from the modulated force gradient. FM-
KPFM nullifies the signal at f0± fmod by applying an
appropriate bias voltageUdc. This again yieldsUdc=Df /e.

The real spectrum, obtained with our instrument under
UHV conditions, is shown in Fig. 2. Only the gray-shaded
frequency rangessee Fig. 1d between f0 and f0+2fmod is
displayed and shows the amplitudes atf0+ fmod and f0
+2fmod for Udc−Df /e=1000 mV sblackd, 50 mV sdark
grayd, and 5 mVslight grayd. Even at a potential difference
as small as 5 mV the sideband atf0+ fmod is still well re-
solved. Hence, the CPD can be determined with an accuracy
clearly better than 5 mV. With increasingUdc−Df /e the f0
+ fmod peak rises, whereas thef0+2fmod peak maintains a
constant height, as expected from Eq.s3d since]C/]z for a
given distance is constant.

Contrary to AM-KPFM, FM-KPFM does not rely on soft
cantilevers, but allows using stiff cantilevers with spring

constants in the range of several tens of N/m. The decreased
sensitivity of hard cantilevers is partially compensated by the
possibility to approach closer to the surface where the force
gradient is larger. Furthermore, stiff cantilevers provide more
stable topographic imaging.

III. METHODS

A. Sample preparation

In an earlier work23 we investigated the work function
change of the Aus111d surface after deposition of an ultrathin
dielectric layer of alkali-metal chloride with a coverage of
less than a monolayersML d. That work reported the CPDDf
to depend linearly on the radius of the alkali ion. When
evaporating half a monolayer of KCl on Aus111d, we ob-
served a carpetlike growth of the film, which formed closed
islands laterally extending over several micrometers and fre-
quently decorated by smaller rectangular islands in the sec-
ond monolayer. We chose these samples as ideal test struc-
ture for the KPFM studies reported here because theysad are
easy to prepare in a reproducible way,sbd show large, homo-
geneous areas of Aus111d and KCl-covered Aus111d with
sharp boundaries, andscd exhibit a rather large work function
difference between bare and KCl-covered regions.

Preparation and measurement were throughout performed
in ultrahigh vacuum. The gold substrate was cleaned by re-
peated cycles of sputterings,37 mA Ar+ flux at 1 keV for
5 mind and annealings5 min to 450 °Cd. The last annealing
for 15 min to 400 °C finished the substrate preparation. Half
a monolayer of KCl was evaporated from a homebuilt cru-
cible onto the Aus111d surface at a rate of 1 ML/min. The
evaporation was performed during cooldown of the crystal in
order to provide a high surface mobility of the KCl mol-
ecules, allowing the formation of large, closed islands.

B. Experimental setup

FM- and AM-KPFM was performed with a commercial
cryogenic UHV STM/AFM system41 using theSCALA soft-
ware and electronics for scanning and data acquisition. The
digital NC-AFM controller is a homebuilt phase-stabilized
electronics42 consisting of a digital amplitude feedback con-
troller maintaining a constant tip oscillation independent of
the tip-surface interaction, and a digital phase-locked loop
sPLLd used to keep the frequency shiftDf constant by con-
trolling the tip-sample distance. The use of a PLL ensures a
constant phase angle between the detected cantilever oscilla-
tion and its excitation which is of great importance for
KPFM when phase-sensitive lock-in techniques are imple-
mented.

Figure 3 displays a block diagram of our setup. The de-
flection signal of the cantilever is fed to the digital NC-AFM
electronics, which contain both the amplitude and the fre-
quency shift controller. The KPFM part contains two lock-in
amplifiers sLIA-1 and LIA-2d. The internal reference of
LIA-2 is used for the bias voltage modulation for both AM-
and FM-KPFM. Note that the frequency bandwidth of the
NC-AFM electronics is set much lower thanfmod, resulting

FIG. 1. Schematic frequency spectrum of the tip oscillation. The
peaks at fmod and 2fmod originate from the electrostatic force,
whereas the peaks atf0± fmod and f0±2fmod show the frequency
modulation of f0, produced by the oscillating electrostatic force
gradient. The experimental spectrum for the gray-shaded frequency
range is depicted in Fig. 2.

FIG. 2. Experimental frequency spectra showing the spectral
lines atf0, f0± fmod, and f0±2fmod. The three curves were measured
at different bias voltages corresponding to an uncompensated con-
tact potential difference of 1000 mVsblackd, 50 mV sdark grayd,
and 5 mVslight gray, y scale 10 times enlargedd.
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in topographic imaging that is not affected by the electro-
static frequency modulation.

For FM-KPFM, the deflection signal is fed into LIA-1
whose external reference is the cantilever excitation signal
with frequencyf0, which is also applied to the shaker piezo.
LIA-1 is used as a mixer with adjustable phase rather than as
a phase-sensitive rectifier. The purpose of LIA-1 is to FM-
demodulate the sidebands atf0± fmod.

The frequency-modulated lever deflection signald can be
written as

d = A0 sinS2pf0t + w +
df

fmod
sins2pfmodtdD , s7d

where A0 is the oscillation amplitude andw is a constant
phase.df denotes the amplitude of the frequency modulation.
For df ! fmod Eq. s7d can be recast in the following form:

d = A0 sins2pf0t + wd + A0
df

fmod
sins2pfmodtdcoss2pf0t + wd.

s8d

The first term on the right-hand side is the carrier, whereas
the second term represents the sidebands atf0± fmod. The
latter term constitutes an oscillation that is phase shifted by
90° with respect to the carrier and whose amplitude oscillates
with the modulation frequencyfmod. With a proper setting of
the phase at LIA-1, the constant carrier amplitudeA0 appears
at theX output of the LIA, while the demodulated FM signal
is available at theY output as an ac signal with frequency
fmod. This signal is further demodulated by LIA-2, which
provides a dc signal proportional to]2C/]z2sUdc−Df /ed
fsee Eq.s4dg. This voltage serves as input error signal for the
analog Kelvin feedback controller, which nullifies the error
by applying an appropriate voltageUdc=Df /e between tip
and sample.43 For AM-KPFM, the cantilever deflection sig-
nal is directly connected to LIA-2. In this way, the tip oscil-
lation amplitude at the modulation frequencyfmod is mea-
sured sfmod is a few kilohertz only and, hence, far off
resonance in our experimentsd. Processing of the LIA-2 out-
put signal is the same as for FM-KPFM.

The speed of the KPFM feedback was tested by modulat-
ing the setpoint with a rectangular signal and simultaneously
recording the controller response. Noise analysis was per-
formed by recording theUdc output. From these measure-
ments, we determined a bandwidth of our FM-KPFM feed-
back of <35 Hz and a noise level of 19 mVsstandard
deviationd. However, averaging the KPFM signal over a
larger sample area as shown for example in Fig. 4 or limiting
the bandwidth of the KPFM feedback reduces the noise level
and provides a CPD resolution better than 5 mVssee Fig. 2d.

C. Modeling KPFM

So far, calculations of the electrostatic interaction between
tip and sample have mostly been performed for the electro-
static forceFel.

44–46 For FM-KPFM, however, the force gra-
dient ]Fel/]z is decisive. In a purely theoretical work,
Colchero et al.47 calculated]Fel/]z for different tip and
sample potentials and estimated a lateral resolution. How-
ever, these authors assumed a homogeneous surface potential
and did not calculate the tip potential for minimized interac-
tion. This prohibits a direct comparison with the experiment.
We performed numerical simulations of the electrostatic in-
teraction between tip and sample. The tip is modeled as a
truncated cone with an opening anglea merging into a half
sphere with radiusR opposed to a circular surface with di-
ameter D representing the sample. The cantilever is de-
scribed as a large disk with the same diameter at the base of
the cone. Disk, cone, and half spheresrepresenting cantilever
and tipd are set to the same potential in accordance with the
experiment.

We considered two different cases.sid A three-
dimensionals3Dd model withD=20 mm was used to analyze
the lateral resolution at a boundary between two regions of
different surface potential. The sample was split into two
halves with the left and right parts being at negative and
positive potential, respectively. A smooth transition of the
potential between the two halves was introduced at large
distances from the tip. This drastically reduces computing
time. sii d To analyze the problem of different tip radii and of
varying object size, the sample was modeled as a circular
disk at 1 V potential surrounded by a grounded area. As the
problem becomes rotationally symmetric in this case, we
could speed up computing by calculating the two-
dimensional profile only which allowed us to increase the

diameter toD=30 mm.
The electric field distributionEsr ,z,Ud for different sepa-

rationsz and potential differencesU between tip and sample
was calculated in a cylindrical volume with diameterD and
heightz+10 mm scorresponding to the separationz plus the
tip height of 10mmd. The electric field energyWsz,Ud was
obtained by integration ofuEsr ,z,Udu2 over the whole vol-
ume of the cylinder.Wsz,Ud was differentiated to get the
electrostatic forceFelsz,Ud acting along the surface normal
and its gradient]Felsz,Ud /]z with respect to the separationz:

FIG. 3. Block diagram of the FM-KPFM setup. The cantilever
oscillation signal is fed to the digital NC-AFM electronics which
controls the oscillation amplitudeA and the tip-sample distancez.
For FM-KPFM feedback the signal passes through two lock-in am-
plifiers sLIAsd and is then fed back to the analog Kelvin controller.
For AM-KPFM, LIA-1 is omitted.
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Felsz,Ud =
]Wsz,Ud

]z
and

]Felsz,Ud
]z

=
]2Wsz,Ud

]z2 . s9d

For a fixed separation and lateral position, bothFelsz,Ud and
]Felsz,Ud /]z depend onU via Wsz,Ud. The CPD provided
by the two KPFM methods corresponds to the minimum of
eitherFel sAM-KPFMd or ]Fel/]z sFM-KPFMd with respect
to U. These voltages were determined numerically.

IV. POTASSIUM CHLORIDE ON Au(111)

A typical NC-AFM image of KCl at a submonolayer cov-
erage on clean Aus111d is depicted in Fig. 4. The topography
fFig. 4sadg shows atomically flat gold terraces covered with
an incomplete first monolayer of KCl and small rectangular
islands in the second monolayer. The FM-KPFM signal in
Fig. 4sbd is the Udc output stemming from the Kelvin con-
troller ssee Fig. 3d. The second monolayer of KCl does not
further change the CPD, from which we conclude that the
interface dipole is confined to the first monolayer. The curve
displayed in Fig. 4sdd shows a histogram calculated from the
CPD values in Fig. 4sbd. The curve shows two Gaussian-
shaped peaks, the separation of which corresponds to the
work function difference between Aus111d and KCl-covered
Aus111d. A Gaussian fit to the data reveals a peak separation
of DUCPD=909 mV. The error of the fitted peak positions is
in the order of only 1 mV. However, measurements per-
formed with different tips yielded results that differed by
several tens of mV.

In order to deduce the influence of the tip on the acquired
CPD we compared results obtained with three cantilevers of
different geometry and spring constant:48 A force-
modulation-type cantileversk=1.7 N/m, f0=69 kHzd and
two noncontact-type cantilevers with different geometries
sk=24.1 N/m,f0=151 kHz andk=23.2 N/m,f0=290 kHzd.
We found that neitherk nor f0 has any influence on the value
of the detected CPD in the case of FM-KPFM. Furthermore,
we compared highlyn-doped silicon tipsswith native oxided
with tips from which the oxide had been removed byin situ
Ar+ sputtering, as well as with metallized tipssPt/ Ir coatedd.
The measuredDUCPD values were 949, 917, and 909 mV,
respectively. The slightly higherDUCPD obtained with the
oxide-covered cantilever might indicate charge accumulation
at the tip. However, the highly conducting sputtered and met-
allized tips yielded the sameDUCPD within 1%. Thus, we are
confident that these values obtained by FM-KPFM are quan-
titative and reliable values.

Figure 4scd additionally shows the scanning electron mi-
croscopysSEMd image of the Pt/ Ir-coated AFM tip after the
experiment. Such a SEM analysis is important both for prov-
ing the nondestructiveness of our method and to deduce the
tip radius, as needed for modeling. The tip radius measures
17 nm perfectly agreeing with the manufacturer’s data sheet.
In all experiments, we took great care not to destroy the tip
or the Pt/ Ir coating, because especially metallized tips were
found to yield an unstable KPFM signal if the coating had
been damaged.49

To further underline the quantitative correctness of the
CPD values determined above, the KCl/Aus111d sample was
inspected by ultraviolet photoelectron spectroscopysUPSd.
Figure 5 shows an UPS spectrum of the pure Aus111d sub-

FIG. 4. Half a monolayer of KCl on Aus111d.
sad The topography shows large areas covered by
1 ML of KCl with rectangular KCl islands in the
second monolayersgray scale 3.4 nmd. sbd Simul-
taneously recorded CPDsFM-KPFMd. Note that
the second monolayer of KCl does not further
change the CPD contrast sgray scale
−0.32 to 0.93 Vd. scd SEM image of the
Pt/ Ir-coated tip after the experiment. The tip ra-
dius measures 17 nm.sdd Histogram belonging to
sbd fitted with two Gaussian peaks. The peak
separation isDUCPD=909 mV.
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stratesblack curved with its characteristic valence band struc-
ture. The binding energy is referred to the Fermi edge dis-
played with an enlarged scale on the right. The work function
can be extracted from the onset energy on the left. The gray
curve displays the spectrum for the fully KCl-covered sub-
strate. The Fermi edge remains unchanged and the valence
band structure of the gold has almost vanished. Evaluation of
the onset energy before and after KCl deposition reveals a
shift df=906 meV in excellent agreement with the FM-
KPFM result.

A. Lateral resolution and accuracy

For a direct comparison between the CPD signals ob-
tained with the two different detection methodssi.e., AM-
and FM-KPFMd, a KCl island boundary was imaged with
both methods. Figure 6sad shows a CPD image in which the
upper and lower halves display the FM- and AM-KPFM re-
sults, respectively. As seen from the profiles in Fig. 6sbd, the
signal rise from 10% to 90% appears within a width of
50 nm for FM-KPFM, whereas the AM signal does not satu-
rate even over more than 400 nm. Our experimental finding
thus strongly favors FM-KPFM due to its higher lateral reso-
lution.

Figure 6sbd additionally displays the results of our 3D
simulation. The tip apex radiusR was set to 15 nm and the
potential was assumed to change within 2 nm from
−0.45 to +0.45 V, in accordance to the experimentsdf
=906 meVd. To account for the tip vibration, we averaged
the derivatives in Eq.s9d over the oscillation. The oscillation
amplitude was set to 5 nm with a minimum separationz of
3 nm. At a distance of 25 nm from the potential step, FM-
KPFM detects the correct potential values, whereas AM-
KPFM is unable to provide the quantitative values within the
investigated lateral range.

Our calculations clearly prove that quantitative results are
only obtained with the FM method. Because of the larger
decay length ofFel, the AM method suffers from poor spatial
resolution so that quantitative CPD values can only be ex-
pected on large homogeneous sample regions. Being sensi-
tive to ]Fel/]z, FM-KPFM provides much higher lateral

resolution and therefore is able to image much smaller fea-
turesssee Sec. IV Ed.

B. Tip-sample distance dependence

When performing KPFM measurements, especially in the
AM mode, we observed the contrast of the Kelvin image to
vary when the frequency set point was changed correspond-
ing to a change of the tip-sample distance. This, of course,
leads to artifacts in the KPFM signal on rough surfaces. In
order to understand the distance dependence in more detail,
we imaged a boundary of a KCl island by both methods in an
xz scan. For this, the tip was positioned 120 nm above the
surface and scanned at constant height along thex direction.
After each line, the tip was approached toward the sample
surface by <1 nm. The resulting image is displayed in
Fig. 7sad.

For each lineseachz valued we evaluated the CPD con-
trast by subtracting the mean values obtained along the right
sdarkd and leftsbrightd third of the line from each other, thus
neglecting the points close to the boundary where the CPD
changes. The contrast as a function of the separationz is

FIG. 5. UPS spectra for bare Aus111d sblackd and the Aus111d
surface covered with a closed layer of KClsgrayd. Evaluation of the
onset energy reveals a change of the work function bydf
=906 meV.

FIG. 6. sad Kelvin image of a KCl island boundary. The upper
part was recorded with FM-KPFMsgray scale 0.36 to 1.61 Vd and
the lower part with AM-KPFMsgray scale 0.87 to 1.60 Vd. Line
profiles were taken along the arrows and are shown insbd. A larger
contrast and a steeper transition ofUCPD is obtained with FM- than
with AM-KPFM. For the simulation, a potential difference of 0.9 V
between the two regions was assumed.
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depicted in Fig. 7sbd. The experimental datassolid curvesd
were normalized to the value obtained by UPSssee Sec. IVd
and are compared with simulated datasscatteredd.

On the one hand, the AM-KPFM contrastfgray line in
Fig. 7sbdg constantly rises until short-range energy dissipa-
tion starts and the tip would finally crash into the surface if
further approached. Even at such small tip-sample separa-
tions, the correct contrast as obtained with UPS is not repro-
duced. On the other hand, with FM-KPFMfblack line in Fig.
7sbdg DUCPD provides the correct value for separations as
large as<30 nm and remains constant when the tip-sample
gap is decreased. For distances larger than 30 nm, the Kelvin
feedback controller gets unstable because the voltage-
induced frequency shift decreases and the apex of theDfsUd
parabola becomes shallower and is no longer detectable.

In order to compare our experimental findings with
theory, we performed a distant-dependent simulation using
the rotationally symmetric two-dimensional model. In these
calculations, the tipscompare Sec. III Cd was centered above
a KCl island of 500 nm radius kept at +1 V potential, with
the surrounding area at 0 V. The theoretical AM curves in
Fig. 7sbd reproduce well the shape of the experimental
curves, although an offset is observed. The latter might either
be due to a small offset of the set point of the Kelvin feed-
back, which can produce large errors when the tip is re-
tracted, or stem from a difference in geometry between simu-
lation and experimentssimulation: circular island and
smooth island boundaryd. The simulated FM approach curve
fFig. 7sbdg matches well the experimental one for distances
,30 nm for which the controller is stable.

C. Dependence on mechanical oscillation amplitude

For the FM-KPFM method, the influence of the mechani-
cal oscillation amplitude of the cantilever on the detected
DUCPD was investigated.DUCPD starts to decrease slightly
for amplitudes larger than 14 nm, still maintaining<97% of
its initial value for an amplitude of 24 nm. This dependence
can be explained with the distance dependence investigated
above: For a peak-peak amplitude larger than 30 nm the tip
enters a regime where it becomes impossible to detect the
full DUCPD. Note that all results presented in this work were
recorded with oscillation amplitudes smaller than 10 nm.

D. Dependence on modulation voltage

For the investigation of semiconductors it is of great ben-
efit to avoid any potential difference between tip and sample
in order to prevent tip-induced band bending. Although the
Kelvin controller minimizes the static electric field, the
modulation voltage remains. Therefore, in AM-KPFM, ef-
forts were undertaken to minimize this voltage by taking
advantage of the quality factor of the first overtone27 as men-
tioned in Sec. II B.

To find the minimum modulation voltage needed for FM-
KPFM, we repeatedly scanned the tip across the border of a
KCl island while slowly reducingUmod. The recorded CPD is
displayed in Fig. 8sad as a grayscale plot with the vertical
axis representing the modulation voltage. The contrast
DUCPD as a function ofUmod was extracted with a procedure
similar to the one applied to Fig. 7sad. The result is depicted
in Fig. 8sbd.

The noise in Fig. 8sbd increases with decreasing modula-
tion voltage. This is due to the fact that the the frequency
modulation becomes smaller in amplitude, hence tracing a

FIG. 7. Distance dependence ofDUCPD between KCl/Aus111d
and Aus111d, normalized to the value obtained from UPS data. Ex-
emplarily, the FM-KPFM image of anxz scan centered over an
island boundary is shown. During the approach, the AM signal rises
monotonically without reaching the full contrast. Experimentally,
FM-KPFM is unstable for separationsz.30 nm but yields the full
contrast closer to the surface. Experimentalssolidd and simulated
curvessscatteredd are in good agreement.

FIG. 8. Observed CPD contrast versus modulation voltage.Umod

can be reduced from 1 Vsroot mean squared down to 100 mV
without changingDUCPD. For smaller voltages, the feedback be-
comes unstable.
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much smaller part of theDfsUd parabola. For voltages less
than 0.15 Vrms the noise drastically increases and below
0.1 Vrms the Kelvin feedback finally becomes unstable. Im-
aging closer to the surface reduces the modulation voltage
needed for FM-KPFM even more due to the increased cur-
vature of theDfsUd parabola, which provides a larger fre-
quency modulation span. Therefore, with our FM-KPFM
setup it is possible to image the CPD with modulation volt-
ages as small as required for semiconducting samples.27,32

Using such small modulation voltages so far was only pos-
sible with the AM method on the first overtone, which how-
ever has various disadvantages as mentioned in Sec. II B.

E. KPFM for small objects

As described in Sec. IV A, the lateral resolution of FM-
KPFM was found to be<50 nm. For objects of a still
smaller size, a decreased contrast is expected. In order to
quantify the smallest object size still providing a quantitative
CPD, we performed additional calculations using our model
tip with a reduced tip radius. The island size was varied from
80 nm to 1 nm in radius, hence covering the 50 nm resolu-
tion limit of Sec. IV A. The calculated CPD is depicted in
Fig. 9 for tip radii of 15 nm, 5 nm, and 1 nm.

The lighter gray curves in Fig. 9 reflect the calculated
CPD for AM-KPFM. Far too low CPD values are deduced in
AM-KPFM even for large island sizes in the case of sharp
tips. This is in good agreement with the conclusion drawn by
Jacobset al.44 that AM-KPFM works best with tips having a
small opening anglea and a rather large, blunt end. For
small tip radii, the electrostatic force is dominated by the
potential sensed by the cone, whereas for larger tip radii the
tip end dominates. The potential sensed starts to drop for
island sizes smaller than the tip radius.

The black curves in Fig. 9 reveal that FM-KPFM delivers
an accurate potential of +1 V for islands larger than the tip
radius. When smaller islands are imaged, the tip obviously
also senses the 0 V potential surrounding the island and,
hence, a reduced CPD is obtained. Unlike in AM-KPFM,
where a blunt tip similar in radius to the observed object

should be used, sharp tips are recommended in FM-KPFM
for any object size.

V. CONCLUSION

We compared two Kelvin probe force microscopy meth-
ods with regard to accuracy and resolution: the amplitude-
sensitive and the frequency-detection methods. As described
in detail, the AM method is sensitive to the electrostatic force
Fel whereas the FM method is sensitive to its gradient
]Fel/]z.

Experimentally we used both methods to investigate a
KCl-covered Aus111d surface. From ultraviolet photoelectron
spectroscopy we could quantitatively deduce a work function
difference of 906 mV between pure and KCl-covered gold.
At a coverage of half a monolayer, KCl forms micrometer-
sized islands with the bare substrate exposed in areas of simi-
lar size. Therefore, this was the ideal structure for evaluating
KPFM because it presented sharp boundaries between ex-
tended areas with a well known difference in surface poten-
tial.

Numerical simulations were performed in order to calcu-
late the electrostatic interaction between the tip and the
sample. Both tip and sample were modeled to be as close as
possible to the experiment. The calculation ofFel and its
gradient]Fel/]z yielded the contact potential difference that
a KPFM controller would deduce when minimizing the cor-
responding interaction.

For comparison of the two KPFM methods we scanned
the tip laterally and vertically across a surface potential
boundary and compared the measured CPD with the one
obtained from our calculations. We find a good agreement
between experiment and simulation. Therefore, we further
extended the simulation to small circular islands and calcu-
lated the interaction for sharp tips. This allowed us to esti-
mate the lateral resolution limit of both the AM as well as the
FM method.

In summary, the most striking results of our work are the
following.

sid The FM method deduces an accurate CPD which is in
excellent agreement with macroscopic UPS measurements.
This is not the case for the AM method with the tip-sample
geometry used in our work.

sii d The FM method becomes accurate for objects larger
than the tip radius. Therefore, the FM method is best used
with the sharpest tips and might even achieve atomic contrast
with accurate values. For the AM method, reasonable accu-
racy can only be expected for tips with a front end having a
similar size as the object under investigation.

siii d The FM method does not show any variation of the
detected surface potential within a tip-sample separation of
30 nm. However, the AM method exhibits a very strong dis-
tance dependence. Therefore, artifacts due to variations in
topography can be excluded in FM-KPFM whereas for the
AM mode they are very likely to occur.

sivd Our setup for FM-KPFM works properly for stiff can-
tilevers, clearly separates topography and Kelvin probe feed-
back, and allows the use of small modulation voltages which
so far was only possible by applying the AM method on the
first overtone.

FIG. 9. Theoretical AM- and FM-KPFM signals versus island
size for different tip radii. For AM-KPFM, a blunt tip with the same
size as the island is preferable. For FM-KPFM, sharp tips are rec-
ommended as they sense the exact CPD for islands larger than the
tip radius.
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With all these findings we would like to promote the use
of the FM method with tips of well known geometry. Only
with this method is a quantitative interpretation of KPFM
results possible.
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