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The dependence of the contact potential difference �CPD� reading on the ac driving amplitude in
scanning Kelvin probe microscope �SKPM� hinders researchers from quantifying true material
properties. We show theoretically and demonstrate experimentally that an ac driving amplitude
dependence in the SKPM measurement can come from a systematic error, and it is common for all
tip sample systems as long as there is a nonzero tracking error in the feedback control loop of the
instrument. We further propose a methodology to detect and to correct the ac driving amplitude
dependent systematic error in SKPM measurements. The true contact potential difference can be
found by applying a linear regression to the measured CPD versus one over ac driving amplitude
data. Two scenarios are studied: �a� when the surface being scanned by SKPM is not semiconducting
and there is an ac driving amplitude dependent systematic error; �b� when a semiconductor surface
is probed and asymmetric band bending occurs when the systematic error is present. Experiments
are conducted using a commercial SKPM and CPD measurement results of two systems:
platinum-iridium/gap/gold and platinum-iridium/gap/thermal oxide/silicon are discussed. © 2006

American Institute of Physics. �DOI: 10.1063/1.2195104�
I. INTRODUCTION

The scanning Kelvin probe microscope1 �SKPM� is a
modified version of an atomic force microscope �AFM� that
can map the differences in voltage potential between the tip
of the AFM probe and the sample, accounting for the topog-
raphy of the surface. The contact potential difference �CPD�
detected by SKPM is the sum of the work function difference
of the tip-sample system and the surface potential of the
sample. SKPM is a powerful tool to characterize materials
for electrical properties in the micro- to nanometer scale.
Applications of SKPM include the electrical failure analysis
of integrated circuits, detection of trapped charges, hetero-
junction imaging, mapping of the relative strength and direc-
tion of an electric polarization, and read/write the electrical
charge.2 In some of these applications, a CPD mapping
showing the relative potential difference within an image is
adequate. In other applications, such as surface photovoltage
measurement,2,3 dopant profiling,4 and work function
mapping,5 researchers are interested in quantifying the CPD
between the tip and the sample. We are interested in extend-
ing the use of SKPM to measure the CPD of surfaces that are
functionalized with moieties with dipole charges at different
end groups. In particular, we are interested in extracting the
surface potential of a gold surface functionalized with thiol-
terminated moieties and silicon-silicon oxide surfaces termi-
nated with silanol compounds, which are surface functional-
ized materials being studied in water-constituent interactions.
In many of these applications, the absolute value of the CPD
between the tip and the sample at every pixel of an image is
the measurement target. The overall goal for absolute CPD
measurements is to extract the change in the surface potential

due the presence of surface charges and/or dipoles. A com-
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mon problem encountered, however, is that the CPD can be
within a systematic error that occurs when the ac amplitude
is imposed on the SKPM measurements, which is often the
case for surface functionalized dipoles.

Figure 1 shows a schematic view of a typical SKPM
setup. The AFM scans the sample with two passes. On the
first pass, the standard tapping mode determines the sample’s
topography. On the second pass, or the SKPM scan, as illus-
trated in Fig. 1, the tip is lifted above the tapping mode scan
height to a specified lift height. During the SKPM scan, an
alternating voltage Vac sin��at� at the cantilever resonant fre-
quency �a and a dc bias Vdc are applied to the conductive
AFM tip in order to induce a cantilever vibration due to the
periodical electrostatic force between the tip and the sample.
The cantilever vibration amplitude at �a is proportional to
the potential difference between the tip potential, Vdc, and the
surface potential of the sample. The contact potential differ-
ence of a tip-sample system can be measured by adjusting
the dc bias Vdc using a feedback loop until the cantilever
vibration amplitude at �a is nullified. Theoretically, the mea-
sured value of the CPD should depend only on the material
properties of the sample. Practically, however, SKPM read-
ings have been affected by several operational parameters
such as the tip-sample distance g in the SKPM scan,6–8 the
drive phase � that compensates the phase lag � between the
cantilever excitation signal and the cantilever response
signal,9 and the ac driving amplitude Vac

4,8,10–12

The dependence of SKPM readings on operational pa-
rameters is problematic in those applications that rely on
quantitative CPD values to characterize material properties.
The mechanisms for the dependence of the SKPM readings

on the first two operational parameters �tip-sample distance g
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and drive phase �� are well studied,6,9 and guidelines for
adjusting these parameters to improve the measurement reso-
lution and sensitivity were suggested. Leng and Williams10

proposed that the asymmetric carrier response to the external
field leads to an ac driving amplitude dependent SKPM read-
ing when a semiconductor surface is being scanned. Due to
the asymmetric nature of the space charge response in a
semiconductor surface to an applied electric field, i.e., the
surface potential change in depletion much greater than that
in accumulation, an alternating field results in a net surface
potential change. The magnitude of this net surface potential
change depends on the magnitude of the ac electric field
since the greater the applied alternating electric field is, the
more asymmetric the response of the semiconductor surface
will be. For this reason, others8,11 have proposed that a small
Vac �compared to the semiconductor band gap� will help to
reveal the true CPD between the tip and the sample. Arakawa
et al.12 reported that reducing the driving amplitude may lead
to a loss of voltage signal to noise resolution in SKPM mea-
surements. In our research, we find that the Vac dependent
reading is not unique to semiconductor samples. As we shall
demonstrate later, the tracking error in the feedback control
loop of typical SKPM systems can also cause an ac driving
amplitude dependent shift in SKPM measurements that
causes a systematic error, which skews the CPD estimate.
The uncertainty of the SKPM measurement due to this sys-
tematic error increases as the ac driving amplitude decreases.
When the ac driving amplitude is small and a systematic
error is present, the measurement results show an even
greater dependence on the ac driving amplitude.

For these cases, in order to correctly interpret the CPD
reading measured by SKPM, especially in the applications
where the absolute value of CPD is being sought, it is im-
portant to identify the cause of the ac driving amplitude de-
pendence of the SKPM measurements. The purpose of the
current work is to provide a methodology to detect and cor-
rect an ac driving amplitude dependent systematic error in
SKPM measurements, thus permitting the actual CPD value

FIG. 1. A simplified block diagram of the SKPM scan of a scanning Kelvin
microscope. The AFM probe is biased by an alternating voltage V=Vdc

+Vac sin��at�. A lock-in amplifier detects the cantilever deflection signal at
frequency �a. The dc component of the applied voltage is adjusted by a
servo controller until the vibration of the probe tip at frequency �a is zero.
due to the material property of the sample to be determined.
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Two scenarios are studied when a Vac dependent systematic
error is present: �a� when the surface is on a semiconductor
base and asymmetric band bending occurs and �b� when the
surface being scanned by SKPM is not semiconducting �me-
tallic and/or dielectric�. A theoretical model that captures this
systematic error is developed, and experimental data is pre-
sented to demonstrate the errors induced by Vac. The pro-
posed methodology to separate the systematic error from ac-
tual CPD values in SKPM measurements is applied to the
experimental data, and the results are discussed.

II. THEORY

A. The driving amplitude Vac dependent systematic
error

During the SKPM scan, the tip is lifted above the sample
to a specified scan height. When a voltage is applied between
the sample and the metal cantilever probe, the electrostatic
force acting on the tip can be given by

F = f�g��V − Vc�2, �1�

where f�g� �units of F/m� represents the capacitive coupling
between the tip and the sample. The functional form of f�g�
depends in a complicated fashion upon the tip geometry and
tip-sample distance13 g. The contact potential difference Vc is
the measurement target. It can be expressed using the work
function of the probe WP �eV� and sample W1 �eV� and the
surface potential of the sample �1 �volt�, such that

Vc = �1 + �WP − W1�/e . �2�

When the applied voltage has an ac component and a dc
component,

V = Vdc + Vac sin��at� , �3�

and inserting Eq. �3� into Eq. �1� yields

F = f�g���Vdc − Vc�2 +
Vac

2

2
+ 2Vac�Vdc − Vc�sin��at�

−
1

2
Vac cos�2�at�� . �4�

Equation �4� shows that the electrostatic force acting on the
tip has two steady-state components �first two terms�, as well
as oscillating components �last two terms� at �a and 2�a.
The oscillation of the cantilever probe induced by this elec-
trostatic force is detected from the optical deflection of a
laser off the cantilever probe using a position sensitive de-
tector or a laser interferometer. A phase sensitive lock-in am-
plifier selectively detects the amplitude of the tip oscillation
at frequency �a. The measured oscillation signal amplitude
at frequency �a can be expressed as

A� = Kf�g�Vac�Vdc − Vc� , �5�

where K is a constant that is determined by the mechanical
property of the cantilever. In the ideal situation, the dc bias
voltage is adjusted by a servo controller until the vibration of

the probe at �a is absolutely zero. At this point, Eq. �5� gives
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Vdc = Vc = �1 + �WP − W1�/e , �6�

and the dc bias voltage is used as the output signal of the
SKPM measurement.

The above analysis is based on the ideal situation that
the feedback loop of the servo controller nulls the cantilever
vibration completely to zero. In reality, however, there is a
tracking error between the target response and the actual re-
sponse in the control loop. The magnitude of this tracking
error depends on the servo controller setup. Assuming this
tracking error signal corresponds to a voltage, Verr, and the
target response to the controller is zero, we have

0 − Vfb = − �A�Ar cos�� − �� = Verr. �7�

In this equation, Vfb is the actual response that is used as the
feedback signal to the controller. The feedback signal Vfb is
determined by the gain of the lock-in amplifier �, the ampli-
tude of the reference signal Ar, and the phase difference be-
tween the reference signal and the cantilever vibration signal,
�-�. Substituting Eq. �5� into Eq. �7�, we find that the output,
Vdc, of SKPM in the presence of a nonzero tracking error Verr

can be expressed as

Vdc =
m

Vac
+ Vc, m =

− Verr

Kf�g��Ar cos�� − ��
. �8�

The first term of Eq. �8� indicates that the measured output of
SKPM contains a systematic error offsetting the measure-
ment target Vc. Note that this systematic error depends in-
versely on the driving amplitude Vac.

The driving amplitude Vac dependent systematic error in
Eq. �8� should not be confused with the Vac dependent Vc

signal for semiconductor samples. For a semiconductor sur-
face with a space charge layer, Vc can be expressed as

Vc = Vs�Qs� + �Wp − Ws�/e , �9�

where Vs �volt� and Qs �C/cm2� are the surface potential and
the space charge density of the semiconductor, respectively.
WP �eV� and Ws �eV� are the work functions of the probe and
the semiconductor, respectively.

When there is an alternating electric field at the semicon-
ductor surface, Qs can be expressed as

Qs�t� = Qf + �Q�t� , �10�

where Qf is a field-independent fixed space charge Qf. The
time dependent part �Q�t� is due to the charge carrier re-
sponse to the alternating electric field. Assuming that the
charge carrier response due to the surface states can be ig-
nored, i.e., the semiconductor surface is not pinned by sur-
face states, the time dependent charge �Q can be expressed
as

�Q = Vac sin��at�C�g� , �11�

where C�g� is an effective capacitance between tip and
sample. Like f�g� in Eq. �1�, C�g� is determined by the tip
geometry and the tip-sample distance g. As g decreases,
C�g� increases. The functional form of C�g� has been of
great interest for researchers who specialized in the field of
scanning capacitance microscopy14,15 �SCM� and is not the

primary focus here. The Vac dependent Vc signal for semi-
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conductor samples under an alternation electric field can be
expressed as

Vc = Vs�Qf + Vac sin��at�C�g�� + �Wp − Ws�/e . �12�

The relationship between Vs and Qs is well studied for
uniformly doped semiconductor surfaces.16 Figure 2 illus-
trated the dependence of Vs on Qf, Vac, and C�g� for uni-
formly doped p-type semiconductor surfaces with two differ-
ent doping levels �1�1015 and 1�1019 cm−3�. In Fig. 2, the
fixed charge Qf falls in the depletion region for both samples.
With the same Qf and same magnitude of �Q, there is a
greater change of Vs for the lightly doped sample �solid line
in Fig. 2� than for the heavily doped sample �dashed line Fig.
2�. The lightly doped sample shows a greater dependence of
Vs on �Q because for the same amount of �Q, the total
space charge Qs swings from accumulation to inversion,
whereas Qs only changes from an accumulation to a partial
depletion for the heavily doped sample. For a pinned semi-
conductor surface, the change in electric field is blocked by
the charge in the surface states; thus its surface potential
remains unchanged. In general, assuming that the semicon-
ductor surface is not pinned by the surface state and the
space charge response is fast enough to follow the alternating
electric field, the conditions for a detectable surface potential
change to occur include �a� a small fixed space charge Qf

that falls in either a weak depletion or a weak accumulation
region and �b� a large driving Vac or small tip sample dis-
tance g such that the �Q�t�, which is determined by the
product of Vac and C�g�, is large enough to cause Qs�t� to
swing from accumulation to inversion.

The Vac dependence caused by the asymmetric band
bending occurs only for semiconductor samples at particular
conditions. The condition for the driving amplitude Vac de-
pendent systematic error to occur is a nonzero tracking error
in the control loop, which is common for most instruments
and is not restricted to certain types of samples. In the case
when both driving amplitude dependent systematic error and

FIG. 2. The surface potential Vs is plotted as a function of space charge
density Qs for uniformly doped p-type semiconductor, illustrating the effect
of low doping �1�1015 cm−3 and solid line� and high doping �1
�1019 cm−3, dashed line� on Vs. With the same Qf and same magnitude of
�Q as shown in this figure, there is a greater change of Vs for the lightly
doped sample ��Vs1� than the heavily doped sample ��Vs2�.
semiconductor surface nature originated Vac dependence are
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present, the measured output of SKPM can be expressed as

Vdc =
m

Vac
+ Vs�Qf + Vac sin��at�C�g�� + �Wp − Ws�/e ,

�13�

m =
− Verr

Kf�g��Ar cos�� − ��
.

B. Methodology to separate actual CPD from
systematic error in SKPM

In order to identify the Vac dependent systematic error,
we need to understand the extrinsic response of the system
for different intrinsic material types. To determine the extrin-
sic response of the system, generally speaking, the gain of
the lock-in amplifier � and the amplitude of the reference
signal Ar do not depend on the cantilever vibration amplitude
A�. For a given tip-sample system with a fixed tip-sample
distance, Eq. �5� indicates that the A� signal is linearly pro-
portional to Vac. If the phase lag � �between the cantilever
excitation signal and the cantilever response signal� remains
nearly the same as Vac changes, the feedback signal Vfb in
Eq. �7� is linearly proportional to Vac for a fixed drive phase
�. The tracking error Verr depends on the settings on the
servo controller. Assuming that the Verr is constant for a par-
ticular system, Eq. �8� shows that the output Vdc is a linear
function with respect to 1/Vac. To detect the Vac dependent
systematic error in SKPM readings, a Vdc vs 1 /Vac curve can
be plotted. If Vdc is a linear function of 1/Vac as the solid line
in Fig. 3, the systematic error varies with slope m in Eq. �8�.
Furthermore, the true Vc signal in Eq. �8� can be found from
the y intercept of the plot, as shown in Fig. 3 �solid line�.
Thus, the true contact potential difference measured by
SKPM can be separated from the systematic error by a linear
regression.

The intrinsic response depends on the material type. For
instance, when the Vac dependence due to an asymmetric
band bending of semiconductor surfaces occurs concurrently
with a Vac dependent systematic error, Eq. �13� indicates that

FIG. 3. The relationship between SKPM output Vdc and inverse driving
amplitude 1/Vac, when a nonzero tracking error in the feedback loop exists.
The solid line represents the case when the surface being scanned by SKPM
is not semiconducting and there is an ac driving amplitude dependent sys-
tematic error. The dashed line represents the case when a uniformly doped
p-type semiconductor surface is probed, and an asymmetric band bending
occurs concurrently when the systematic error is present.
the proportion of the systematic error increases in the total
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output as Vac decreases. A decrease in Vac leads to a smaller
�Q�t�, thus a smaller change in the surface potential Vs in
the total output. The area within the dashed lines in Fig. 3
shows the possible output of Vdc as a function of 1/Vac for
uniformly doped p-type semiconductor samples at a fixed
tip-sample distance. The solid line in this case represents the
sum of the systematic error, the surface potential due to a
fixed space charge Qf, and the work function difference be-
tween the tip and the semiconductor sample �Wp−Ws� /e.
When Vac is small enough, the dashed lines fall on top of the
solid line in Fig. 3, indicating that the dominant cause of the
Vac dependent output is the systematic error. In this region,
the output Vdc has a linear relationship with respect to 1/Vac.
However, at high Vac, when the space charge is large enough,
a linear relationship between Vdc and 1/Vac no longer exists,
as illustrated by the dashed lines in Fig. 3. The output may
fall at any point within the dashed lines in this region, de-
pending on the oscillating bias, because the surface of the
sample reaches accumulation when the tip is under a positive
bias, while under a negative bias it goes into depletion or
even potentially into inversion. We propose a practical crite-
rion to determine how small Vac needs to be such that no
significant change in Vs occurs, such that

��g� =
	0Vac

g



1

2
�Qd,max� , �14�

where ��g� is the maximum surface charge density at the
semiconductor surface due to the oscillating electric field at
tip-sample distance g, 	0 is the permittivity in vacuum, and
Qd,max is the maximum depletion charge per unit area at the
semiconductor surface. When the magnitude of the space
charge is less than half of the maximum depletion charge, the
dominate cause of a Vac dependent output is the systematic
error rather than the oscillation in the surface potential. In
this region, the same methodology to detect and correct the
systematic error proposed previously can be applied, as
shown in Fig. 3. The y intercept of the plot in this case is the
sum of the surface potential due to a fixed space charge Qf

and the work function difference between the tip and the
semiconductor sample �Wp−Ws� /e.

Practically, there is another restriction to the Vac region
to apply the proposed methodology. The analysis above is
based on the assumption that the feedback signal Vfb in Eq.
�7� is linearly proportional to Vac, such that the coefficients
of the parameters in m in Eq. �13� are constant as Vac

changes. However, the linear relationship between Vfb and
Vac is only approximate over a certain range of Vac since the
phase lag � and tip-sample distance g are also dependent on
the driving amplitude Vac. This dependence is due to a
steady-state force in the electrostatic force, such that

Fdc = f�g���Vdc − Vc�2 +
Vac

2

2
� , �15�

which acts to displace the AFM tip. Even if Vdc equals Vc,
the dc component of the electrostatic force is not zero, but
proportional to the square of the driving amplitude Vac. In the
SKPM scan, the cantilever is lifted above the trajectory of
the cantilever in the topography scan to a user specified

height ZL. The tip-sample distance g is determined by the
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tapping mode scan height ZT, the lift height ZL, and the bend-
ing of the cantilever due to Fdc. Increasing Vac will increase
the bending of the cantilever and change the average tip-
sample distance g. Since the effective spring constant of the
tip-sample interaction depends on Fdc, changes in the Vac

also result in changes in the phase lag � between the canti-
lever excitation signal and the response signal. The proposed
methodology to recover the true contact potential difference
measured by SKPM requires measuring Vdc with various Vac.
Depending on the particular experiment, the change in the
tip-sample distance g and the phase lag � may or may not be
a strong function of Vac. In general, a small magnitude range
of Vac is beneficial because Fdc increases quadratically with
Vac. To find the range over which the feedback signal to the
controller Vfb is approximately linear with respect to the Vac,
the open loop Vfb response to Vac needs to be measured.

In summary, the methodology to detect and correct the
driving amplitude dependent systematic error in SKPM mea-
surements includes four steps. First, the sample topography
is scanned in the normal tapping mode, and the tapping mode
scan height ZT is estimated by the product of the tapping
mode amplitude sensitivity and the amplitude set point. Sec-
ond, the sample is scanned in the SKPM mode, while the
AFM tip is lift up above the trajectory of the cantilever in the
topography scan to a user specified lift height ZL. The tip-
sample distance can be estimated by the sum of ZL and ZT

�the bending of the cantilever due to Fdc is neglected here�.
Third, the linear region for the open loop Vfb to the Vac re-
sponse is found. This Vac region determines the linear range
over which the close loop Vdc response is to be measured in
the next step because the proposed methodology is based on
the assumption that the Vfb to the Vac response is linear. For
a semiconductor sample, Vac is also subjected to the restric-
tion expressed in Eq. �14�, which gives an estimate of the
maximum Vac that can be used without a significant change
in the surface potential for a given tip-sample distance �esti-
mated in step 2�. Finally, the closed loop Vdc response as a
function of Vac is measured, and a Vdc vs 1 /Vac curve is
plotted. If Vdc is a linear function of 1/Vac, it suggests that
there is a Vac dependent systematic error as described in this
article in SKPM readings. The actual contact potential dif-
ference being sought with SKPM can be found from the
intercept on the y axis in this plot.

The methodology presented in this article is for detecting
and correcting the ac driving amplitude dependent systematic
error in order to recover the true CPD. Special precautions
are needed to interpret the recovered CPD value when apply-
ing this methodology on nonhomogeneous samples, where
the CPD varies with location. In this case, the recovered
CPD value on a particular location is not determined solely
by the area directly under the tip, but rather is a function of
the CPDs of various locations as described in the article of
Jacobs et al.6 The form of this function is subjected to the
tip-sample distance, the tip geometry, and especially the ef-
fect of the cantilever capacitance pickup.17,18 For example,
when the cantilever of an AFM probe reaches over areas with
a potential differing from the one directly under the tip, the

recovered CPD value may contain a shift from the areas
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under the cantilever since the cantilever is also a part of the
sensing device in the SKPM measurement.18

III. EXPERIMENTS

The experiments are conducted using a commercial
AFM �NanoScope® IV Dimension 3100™ with Extender™
Electronics Module, Veeco, USA�. The AFM probes are
coated with platinum-iridium �SCM-PIT™, Veeco, USA�.
Two types of samples are tested: gold thin films �nonsemi-
conducting sample� and uniformly doped p-type silicon sub-
strates �semiconducting sample� with a thin thermal silicon
oxide passivation layer. In order to avoid the complication in
the experimental results due to the local variation of the sam-
ple’s surface potential, we used samples with surfaces that
are homogenous over dimensions much larger than the AFM
probe size.

The gold thin films are deposited by a reactive sputtering
at room temperature on silicon wafers of 100 mm in diam-
eter. There is 1-�m-thick thermal oxide on the silicon to
electrically isolate the Au from the Si substrate. The gold
thin film is deposited at a power of 300 W at a pressure of
1.9�10−3 mTorr. The total thickness of the deposited gold
film is estimated to be 1 �m. An electrical contact is made
directly via soldering at the surface of the gold thin film
sample.

Double-sided polished p-type silicon wafers with a re-
sistivity of 3–6 � cm are first doped at 950 °C using a solid
boron nitride diffusion source. A thermal silicon oxide is
grown on both sides at 1100 °C in oxygen for 30 min. The
oxide film is then annealed at 940 °C in nitrogen for 20 min.
The thickness of the thermal oxide as measured by an elip-
someter is 98 nm. The purpose of growing a thin thermal
oxide on top of the silicon substrate is to reduce the surface
states at the silicon surface.19 The oxide at the backside of
the wafer is striped, and a layer of aluminum with a thick-
ness of 150 nm is deposited on the back side using a dc
magnetron sputtering. The wafer is then annealed at 450 °C
so that an Ohmic contact is formed at the aluminum/p-plus
silicon junction on the backside of the wafer. During testing,
the sample is held by a vacuum chuck, and the electrical
connection to the ground of the instrument is made via a
grounded sample chuck.

For both types of samples, the AFM uses two passes to
scan the sample. In the first pass, the surface topography of a
single line is acquired using the normal tapping mode scan.
The scan height of the cantilever ZT in the tapping mode can
be estimated by the product of the amplitude sensitivity of
the cantilever and the amplitude set point voltage. In the
second pass �SKPM scan� that immediately follows the first
pass over the same line, the AFM probe is lifted above the
tapping mode scan height to a user specified height ZL. A
biased oscillation voltage with the cantilever resonance fre-
quency �a is applied to the conductive probe. A phase sen-
sitive lock-in amplifier selectively detects the amplitude of
the tip oscillation at frequency �a. A servo controller auto-
matically adjusts the dc bias to null the probe oscillation at
the frequency �a. The dc bias voltage Vdc is used as the

output signal of the SKPM measurement. The drive phase �
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that compensates the phase lag � between the cantilever ex-
citation signal and the cantilever response signal is fine tuned
to maximize the output of the lock-in amplifier according to
the procedure outlined by Jacobs et al.9 By setting the gains
in the servo controller to be zero, the control loop can be
switched to an open state and the feedback signal Vfb can be
monitored using the phase data channel.20 The unit of Vfb is
recorded as an arbitrary unit since the information of the real
unit of Vfb data is unavailable from the instrument being
used. When the control loop is open, the system keeps Vdc at
0 V. To find out within what range the feedback signal to the
controller Vfb is approximately linear with respect to the
driving amplitude Vac, the response of Vfb as a function of Vac

is measured with an open feedback control loop. After that,
the control loop is closed by setting the gains of the feedback
loop with a manufacture recommended value, and the re-
sponse of Vdc as a function of Vac is measured for each type
of samples.

Three experiments are performed. Detailed run time pa-
rameters for each experiment are listed in Table I. All the
measurements are performed in air. For the gold thin film
sample, a dc power supply �Protek 300� is used as an exter-
nal bias to change the surface potential of the gold surface.
The gold thin film sample is used in experiment I. The data is
collected with a 1 V external bias and with a Vac range from
0.1 to 18 V. The purpose of this experiment is to demon-
strate the Vac dependence in SKPM readings and to test the
hypothesis that there is a Vac dependent systematic error in
the measurement results. In experiment II, the gold surface is
biased at 0, 0.2, 0.4, 0.6, 0.8, and 1 V. The Vac range is from
0.2 to 6 V for each bias. The purpose of this experiment is to
apply the proposed methodology to recover the CPD from
Vac dependent SKPM results. The silicon sample with the
thin thermal oxide passivation layer is scanned in experiment
III. The purpose of this experiment is to test the theory with
a semiconductor based sample. The range of Vac is selected
such that it covers small Vac values according to the criterion
in Eq. �14�. For a silicon substrate with a resistivity of
3–6 � cm, Qd�max is estimated to be between 2
�10−4 C/m2 and 3�10−4 C/m2. With a 50 nm tip to
sample distance, Vac needs to be smaller than 0.8 V, deter-
mined using Eq. �14�.

IV. RESULTS AND DISCUSSION

Figure 4 shows the surface topography and the CPD pro-

TABLE I. Run time parameters of the experiments.

Experiment
Bias
�V�

Cantilever
resonance

frequency, �a

�kHz�

Drive
phase, �
�degree�

I 1 64.3 −87.0
II 0 to 1 63.5 −87.0
III 0 64.2 −85.4

aThe tip-sample distance is estimated by the sum of t
product of amplitude sensitivity and amplitude set po
file of the gold thin film sample measured at three driving
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amplitudes �Vac=0.1, 1, and 10 V�. In Fig. 4�a� the topogra-
phy of the gold thin film is homogenous, whereas in Fig. 4�b�
the measured CPD changes when changing Vac. The CPD
profile shown in Fig. 4�b� is scanned with a zero external
bias. For 1 V and other bias voltages, the measured CPD
profile looks the same except with an offset that equals the
bias voltage. Figure 4 demonstrates that the output of the
SKPM measurement Vdc is a function of the driving ampli-
tude Vac, although the actual contact potential difference be-
tween the tip and the gold thin film should remain the same.
The magnitude of Vdc increases as Vac decreases.

To test our hypothesis that there is an Vac dependent
systematic error in the measurement results, the measured
Vdc in experiment I is plotted as a function of 1/Vac in Fig.
5�a�. The sample is biased at 1 V. Figure 5�a� shows that Vdc

Amplitude
sensitivity

�nm/V�

Amplitude
set point

�V�

Lift
height

ZL

�nm�

Tip-sample
distancea g

�nm�

41.8 1.353 5 61.6
26.6 1.198 0 31.8
39.4 1.174 5 51.3

t height ZL and tapping mode scan height ZT, i.e, the

FIG. 4. Topography �a� of the gold thin film sample surface and the contact
potential difference �b� between gold and platinum tip measured by SKPM
with three driving amplitudes Vac �0.1, 1, and 10 V�. The CPD profile shown
he lif
here is scanned with a zero external bias.
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is a linear function of 1/Vac, as Eq. �8� predicts. The Vac

dependent systematic error increases as the ac driving ampli-
tude decreases, leading to a greater dependence of Vac in the
measurement results. As Vac decreases from 0.5 to 0.1 V
�1/Vac increases from 2 to 10 V−1�, Vdc increases from
1.286 to 1.973 V. When Vac decreases, an increased uncer-
tainty in the measurement results is shown by the longer
error bars in Fig. 5�a�. This observation agrees with that of
Arakawa et al.12 To apply the proposed methodology to re-
cover the true CPD in the measurement results, we need to
find out the range over which the feedback signal to the
controller Vfb is approximately linear with respect to driving
amplitude Vac. Figure 5�b� shows Vfb as a function of Vac,
which increases linearly as Vac increases from 0.1 to 9 V.
For Vac greater than 9 V, the slope of the Vfb vs Vac curve
starts to decrease. This decrease can be due to a change in
the � and g as the dc electrostatic force between the tip and
the sample increases. When Vac is greater than 16 V, the Vfb

signal shows an abrupt increase in variations. The magnitude
of Vfb follows the surface topography for the range from
16 to 18 V, which indicates that the tip is vibrating in close
vicinity to the surface due to the bending of the cantilever.
The decrease of slope in the Vfb vs Vac data corresponds to
the deviation of the linear relationship in the Vdc vs 1 /Vac

data, as shown in the inset of Fig. 5�a�. When applying the
proposed methodology to recover the true CPD, it is impor-
tant to exclude the data for Vac greater than 9 V since in this
region Vfb is not linear with respect to the driving amplitude
Vac. The linear regression result for the Vdc vs 1 /Vac data for

FIG. 5. The SKPM response results for �a� Vdc vs 1 /Vac and �b� Vfb vs Vac

for the gold thin film sample when the external bias is 1 V. The unit of Vfb

is recorded as an arbitrary unit since the real units for the Vfb data is un-
available for the instrument being used.
a Vac range of 0.1–9 V is shown in Fig. 5�a�. According to

Downloaded 04 May 2006 to 130.126.178.112. Redistribution subject t
Eq. �8�, the contact potential difference between the tip and
the gold thin film sample will equal the intercept. Within
95% confidence bounds, the intercept is estimated to be
1.121±0.003 V from the experimental data. In this experi-
ment, the external bias voltage determines the surface poten-
tial of the sample �1 in Eq. �2�. For a 1 V bias, the work
function difference between the conductive coating layer of
the tip �platinum-iridium� and the gold is estimated to be
0.121±0.003 eV from this experiment. This value, however,
is not consistent with tabulated work function values of poly-
crystalline gold �5.351 eV�, platinum �5.65 eV�, and iridium
�5.27 eV� under UHV conditions,21 since the experiments
are performed in air.

Linear regression results for the data obtained in experi-
ment II with the Au sample are shown in Table II. In this
experiment, the work function difference between the tip and
the sample is constant, while the surface potential of the gold
thin film sample is raised as the external bias increases from
0 to 1 V. Table II shows that the CPD value determined
from the intercept increases as the external bias increases.
Within 95% confidence bounds, the recovered CPD value
corresponds to the bias and the work function difference in
each of the six tests in this experiment. The work function
difference between the tip �platinum-iridium� and the sample
�gold� is calculated by subtracting the bias voltage from the
recovered CPD and is listed in the last column of Table II.
For this experiment, the work function differences for each
bias voltage are estimated to be from 0.053±0.004 eV to
0.070±0.003 eV, giving a single expected value of
0.063±0.008 eV. Compared with the estimated value from
experiment I �0.121±0.003 eV�, the work function differ-
ence is 0.058 eV lower. Potential explanations to account for
the discrepancies of the work function difference in experi-
ments I and II include �a� the difference in the tip-sample
distance between the two experiments, as shown in Table I �
61.6 nm in experiment I and 31.8 nm in experiment II� and
�b� the possible change in the relative humidity of the air
during the time when the two experiments were conducted.
The mechanisms for the dependence in SKPM readings on
the tip-sample distance have been studied by Jacobs et al.6

The effect of the potential shielding by a surface water layer
in SKPM has been studied by Sugimura et al.,22 and the
SKPM measurement results were found to be affected by
atmospheric conditions, particularly by the relative humidity
of the air due to adsorbed water molecules.

Figure 6�a� and 6�b� show the Vdc vs 1 /Vac response and
the Vfb vs Vac response for the thermal oxide passivated sili-

TABLE II. Linear regression results for Vdc vs 1 /Vac data of experiment II.

Bias
�V�

Slope
�V2�

Intercept/CPD
�V� R2

WPtIr-WAu

�eV�

0.000 0.031±0.002 0.066±0.005 0.9710 0.066±0.006
0.200 0.029±0.002 0.253±0.004 0.9837 0.053±0.005
0.400 0.027±0.002 0.470±0.003 0.9849 0.070±0.004
0.600 0.028±0.002 0.660±0.004 0.9823 0.060±0.005
0.800 0.030±0.002 0.867±0.003 0.9861 0.067±0.004
1.000 0.028±0.002 1.062±0.005 0.9630 0.062±0.006
con sample, respectively. For this type of sample, it is pos-
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sible for the Vac induced semiconductor surface charge to
oscillate and shift the apparent CPD at the same time when
the Vac dependent systematic error is present. The Vac range
used for applying the linear regression method to recover the
true CPD value needs to be small enough to avoid a signifi-
cant change in Vs that occurs with the alternating electric
field. As shown in Sec. III for our case, Vac needs to be
smaller than 0.8 V. The linear regression result for the Vdc vs
1 /Vac data for a Vac range of 0.1 to 0.8 V is shown in Fig.
6�a�. The recovered CPD value for this set of data is
0.654±0.006 V. The deviation from the linear relationship
between Vdc and 1/Vac in the inset of Fig. 6�a� corresponds to
the deviation from the linear relationship between Vfb and
Vac, when Vac is greater than 10 V in Fig. 6�b�. In Fig. 6�b�,
when Vac is greater than 10 V, the response of Vfb starts to
drop below the original linear slope. Again, the change of
slope can be due to a change in the phase lag � and the
tip-sample distance g as the dc electrostatic force between
the tip and the sample increases.

Since Vfb no longer increases linearly with Vac, when Vac

is greater than 10 V, as indicated in Fig. 6�b�, the deviation
from the linear relationship between Vdc and 1/Vac for in-
creasing Vac in the inset of Fig. 6�a� may not be caused by
the asymmetric band bending nature of semiconductor sur-
faces. Moreover, even if the linear regression is applied only
to the data range of 0.1–0.8 V �1.25–10 V−1�, the rest of the
data points in Fig. 6�a� still falls in close vicinity of the
straight line as Vac ranges from 1 to 18 V, which suggests
that there is no detectable change in Vs due to the space

FIG. 6. The SKPM response results for �a� the Vdc vs 1 /Vac response and �b�
the Vfb vs Vac response for the thermal oxide passivated silicon sample. The
unit of Vfb is recorded as an arbitrary unit since the real units for the Vfb data
is unavailable for the instrument being used.
charge response to the alternating electric field inside the
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silicon substrate. Possible reasons for not detecting the semi-
conductor surface nature originated Vac dependence with the
tested sample include the following �a� the interface state
density between the silicon and the thermal oxide may be
large enough to block a significant amount of field induced
charge to the bulk silicon, and �b� there may be a large
amount of fixed charges on the silicon surface such that the
silicon surface is in strong inversion or accumulation. The
data for the thermal oxide passivated silicon sample shows
that Vac dependent SKPM readings due to the asymmetric
band bending is not always observable with semiconductor
samples, whereas the Vac dependent systematic error is com-
mon as long as there is a nonzero tracking error in the control
loop. If the Vac dependent systematic error is accounted for
in the apparent CPD readings, decreasing Vac will cause an
increasing uncertainty in SKPM measurements for semicon-
ductor samples. Thus the application of the proposed meth-
odology to recover the true CPD value when Vac is reduced
is still needed to suppress the effect of the asymmetric band
bending for semiconductor samples.

V. SUMMARY

We have demonstrated that the tracking error in the feed-
back loop of the SKPM system can cause an ac amplitude
dependent systematic error in SKPM measurements. The
main point of this article is that the true contact potential
difference can be separated from the ac driving amplitude
dependent systematic error in SKPM measurements. To iden-
tify the ac driving amplitude dependent systematic error, a
measured CPD versus over the inverse ac driving amplitude
plot can be used. From this plot, the true contact potential
difference can be estimated by SKPM from the intercept on
the y axis, along with the uncertainty from the 95% confi-
dence bounds, provided that the feedback signal to the servo
controller is linearly proportional to the ac driving amplitude.
The systematic error should not be confused with the ac driv-
ing amplitude dependent SKPM reading due to the asymmet-
ric band bending nature of semiconductor surfaces, which
occurs only for semiconductor samples at particular condi-
tions. When the asymmetric band bending occurs at the same
time when the Vac dependent systematic error is present, a
smaller Vac reduces the effect of the asymmetric carrier re-
sponse to a semiconductor surface but leads to a greater Vac

dependent systematic error. However, the proposed method
to correct for the systematic error allows for true CPD to be
estimated for semiconductor materials in these situations.
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