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Kelvin probe force microscopy �KPFM� is used to investigate the electrostatic force between a conductive
probe and nanostructured Si with shallow or buried selectively doped regions under ambient conditions. A
unique KPFM model correlates the measured Kelvin bias with the calculated Fermi energy, and thus allows
quantitative dopant profiling. We show that due to an asymmetric electric-dipole formation at the semiconduc-
tor surface the measured Kelvin bias is related with the difference between Fermi energy and respective band
edge, and independent of the probe potential.
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I. INTRODUCTION

Failure analysis and optimization of nanoelectronic de-
vices demand knowledge of their electrical properties. For
dopant profiling by means of scanning capacitance
microscopy,1–3 scanning spreading resistance microscopy,4–6

or conducting atomic force microscopy7,8 measurements,
very sensitive capacitance, resistance, or conductivity sen-
sors, respectively, have been developed. The corresponding
sensor has to be attached onto the scanner head frame of the
atomic force microscope �AFM�. However, the above men-
tioned electrical nanometrology techniques only yield the
quantitative dopant profile of semiconductors if they are used
complementary and if calibration measurements have been
performed on well-described reference samples. The most
straightforward nanometrology technique is the Kelvin probe
force microscopy �KPFM� where electrostatic forces are de-
tected at a lock-in frequency below the resonance frequency
of the conductive probe. KPFM is derived from a method
developed by Lord Kelvin in 1898.9 The Kelvin method was
primarily combined with the AFM technique to investigate
electrostatic forces between probe and metals,10 and between
probe and semiconductors.11 After that KPFM has been used
to investigate various aspects such as the interface dipole
layer formed between a metal surface and alkali chloride thin
films,12,13 the tip-sample interaction,14,15 dopant profiles in
semiconductors16,17 even with an atomic resolution,18 pn
junctions without19,20 and under an applied bias,21,22 or the
electrostatic forces between probe and insulators, e.g.,
caused by the Madelung surface potential.23 The Kelvin bias
and topography can be probed simultaneously, as shown pri-
marily by Lü et al. in 1999.24 An interesting new field of
nonquantitative applications of KPFM is the investigation of
organic materials such as DNA and protein molecules on the
nanometer scale.25,26 In many biomolecules the local charge
density around charge centers changes during the formation
of binding complexes. By means of KPFM different binding
complexes can be qualitatively distinguished. For example,
Gao and Cai probed protein-DNA interactions.25 The quan-
titative evaluation of KPFM data probed on biomolecules
remains an open issue.

A broad field of applications of the KPFM technique is
the quantitative dopant profiling in semiconductors. For

quantitative dopant profiling in semiconductors the measured
Kelvin bias has to be evaluated with a correct physical
model. Nonnenmacher et al.10 interpreted the measured
Kelvin bias as the contact potential difference �CPD� be-
tween a conductive probe and the sample material. Since
then the CPD model, which is described in detail in the
literature,10,27,28 has been used to describe the Kelvin bias
probed on semiconductors. Observed differences between
the CPD simulation and KPFM measurement have been
mainly ascribed to charges trapped in surface states.17,28–31

In this paper we introduce a unique KPFM model, and
reveal a quantitative relation between the Kelvin bias and the
difference between the calculated Fermi energy and respec-
tive band edge in selectively doped regions. We elucidate
why the KPFM signal quantitatively depends on the bias
necessary to inject majority charge carriers into the surface
region. We tested our KPFM model successfully on two
cross-sectionally prepared Si epilayer structures and on a Si
dynamic random access memory �DRAM� cell with a native
oxide layer, and correlated the measured Kelvin bias on
n-type and p-type conducting regions with the calculated en-
ergy differences �EC−EF�n�� and �EV−EF�p��, respectively.
Traps in the oxide layer or defects at the oxide-
semiconductor interface may cause the observed KPFM off-
set Uof f.

II. KELVIN PROBE FORCE MICROSCOPY ON
SEMICONDUCTORS

KPFM is a noncontact measurement technique where the
electrostatic forces between a conductive probe and the
sample surface are detected and minimized by applying an
appropriate bias voltage. The basic measurement principle of
the KPFM is schematically shown in Fig. 1. As given in Eq.
�1� a dc voltage Udc and an ac voltage Uac are permanently
applied to the sample while the probe is grounded during the
KPFM measurement. In total the applied bias reads

Uapplied = Udc + Uac sin�2�fact� , �1�

where Udc is the sum of the KPFM offset bias Uof f and the
Kelvin bias UK. The electrostatic forces between the conduc-
tive probe and the surface lead to a deflection of the probe
from its normal position. For semiconductors the electro-
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static forces onto the probe are caused by the electric-dipole
formation at the semiconductor surface due to surface states.
Surface states are occupied by electrons and holes in n-type
and p-type semiconductors, respectively. As a consequence a
depletion layer is formed without applying a bias to the
sample. In a simple model we assume that the number of
mobile charges being trapped in surface states is the same as
the number of immobile unscreened ionized dopant atoms
�Fig. 1�. The electrostatic force Fel from this asymmetric
electric dipole onto the conductive probe increases with the
size asymmetry, and changes its direction above n-type and
p-type regions. In order to minimize the electrostatic force
Fel onto the probe, the asymmetric electric-dipole layer has
to be removed. This is achieved by injecting majority charge
carriers into the surface region in order to screen the un-
screened immobile ionized dopant atoms. The charge neu-
trality condition is only fulfilled when surface states dis-
charge simultaneously. Without the electrostatic force Fel
�Fig. 1� the probe returns to its normal position. Accumula-
tion of majority charge carriers is achieved by applying a dc
voltage amounting to �EC−EF�n�� /e and �EV−EF�p�� / p in
n-type and p-type regions, respectively. As a consequence,
the measured Kelvin bias is correlated with the difference
between Fermi energy and respective band edge, and inde-
pendent of the probe potential. This relation is given in Eqs.
�2� and �3�, and illustrated in Fig. 2, where also the CPD is
shown in comparison. From Eqs. �2� and �3� it follows that
the KPFM signal decreases with increasing concentration of
donor or acceptor ions. Furthermore, in the ideal case of no
KPFM offset bias Uof f the modeled KPFM signal UK
changes sign when probing p-type and n-type semiconduct-
ing regions,

e · UK�n-type� = EC − EF�n� , �2�

p · UK�p-type� = EV − EF�p� . �3�

To date, the influence of surface states on KPFM measure-
ments has not been clarified. We show that, using the data of
Ref. 31 as an example, our KPFM model enables a quanti-
tative data evaluation. Using the dopant profile from Ref. 31
our KPFM model predicts a difference of 320 mV between
the KPFM data probed on the p++-type and the n-type doped
regions in a Si p++n junction, which is in very good agree-
ment with the measured Kelvin bias difference of approxi-
mately 300 mV. The reported overshoot of the measured
Kelvin bias in the p++ region is possibly caused by the lateral
electric field in the space-charge region, which will be ex-
plained later in detail. We conclude that surface states have
to be included in order to explain the electrostatic force mini-
mization by removing the asymmetric electric dipole, which
forms between mobile charges trapped in surface states and
unscreened immobile ionized dopant atoms. Furthermore, we
expect that the KPFM offset bias Uof f will be influenced by
traps in the oxide layer or defects at the oxide-semiconductor
interface.

As a direct consequence of the presented model a limita-
tion of KPFM occurs when attempting to investigate p++n++

junctions in semiconductors. With increasing concentration
of ionized dopant atoms the differences �EV−EF�p�� / p and
�EC−EF�n�� /e decrease until it is impossible to distinguish
between p++ and n++ doped regions, where EF has moved
into the valence or the conduction band, respectively. Also
the KPFM bias variation probed on metallic samples is very
small.11 On the other hand, reproducibly large KPFM varia-
tions up to 800 mV have been probed on metal-ionic
samples12 where dipoles at the interface between the metal
and the ionic layers strongly influence the electrostatic force
acting on the probe.

III. CALCULATION OF THE FERMI ENERGY

The calculation of the Fermi energy needed for solving
Eqs. �2� and �3� is based on the charge neutrality condition,32

p + ND
+ = n + NA

− . �4�

In this equation n is the electron concentration in the con-
duction band and p is the hole concentration in the valence

FIG. 1. �Color online� Surface-near region of a semiconductor
with differently doped regions. An asymmetric electric dipole con-
sisting of mobile charge carriers trapped in surface states �+,−� and
the same number of unscreened immobile ionized dopant atoms is
formed at the semiconductor surface, which causes a nonzero elec-
trostatic force Fel at the position of the conductive probe. The elec-
trostatic forces are minimized by injecting majority charge carriers
into the surface region. The Kelvin bias may overshoot at the pn
junction.

FIG. 2. �Color online� Schematic diagram of the measured
Kelvin bias UK by means of Kelvin probe force microscopy. Addi-
tionally, the CPD between a highly n+-type probe and an n-type or
p-type semiconductor is given. The CPD is not suitable to describe
the measured Kelvin bias.
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band. ND
+ and NA

− are the concentrations of ionized donors
and acceptors, respectively. The energy position of the
valence-band maximum EV and the conduction-band mini-
mum EC does not have to be considered because only the
differences �EC−EF�n�� and �EV−EF�p�� have to be calcu-
lated for a comparison with the measured Kelvin bias. The
intrinsic Fermi energy of a semiconductor with ND

+ =NA
− =0 is

defined as

EF = Ei =
EV + EC

2
+

kBT

2
ln�NV

NC
� , �5�

with kBT=0.0259 eV at 300 K. We set Ei to zero on the
energy scale. The Si valence- and conduction-band effective
densities of states are NV=1.05�1019 cm−3 and NC=7.28
�1019 cm−3, respectively. The acceptor ionization energy
EA−EV amounts to 0.045 eV for B acceptors and the donor
ionization energy EC−ED amounts to 0.045 eV �0.054 eV�
for P �As� donors.

IV. EXPERIMENTAL DETAILS

The KPFM measurements were performed under ambient
conditions using an Anfatec Level AFM. The Level AFM
system consists of a base plate made from stone with wiring,
vibration isolation, a standard AFM head, and a high-voltage
amplifier V45C. The AFM head holds the cantilever by a
spring-loaded mechanism. All electronic components for la-
ser and photodiode, the lens and mirror system, and the fine
mechanics are integrated in the head. The lateral resolution
limit is smaller than 5 nm, practically achieved under ambi-
ent conditions. The height resolution is smaller than 0.2 nm,
which enables the detection of atomic steps and layers. Both
the resonance and the excited oscillation are evaluated with
lock-in amplifiers, which are integrated fully digitally. The
real part of the KPFM signal detected at the excited fre-
quency, which is referred to as operation frequency, is used
as the input signal for the digital Kelvin probe force feed-
back. This real part is maximized by using an autophase
function. The Kelvin probe force feedback compensates the
electrical force between probe and sample by applying the
appropriate bias voltage. Topography and Kelvin bias are
probed simultaneously. We used an operation frequency of
130 kHz. The resonance frequency of the cantilever was ap-
proximately 320 kHz. The effect of photogenerated charge
carriers in the semiconducting sample was excluded by op-
erating the whole Level AFM under an opaque cover.

Secondary ion mass spectrometry �SIMS� measurements
were carried out to get information about the dopant concen-
tration in differently doped areas of the epilayer structures.
For detecting the positive or negative secondary ions formed
from the species of interest, Cs+ and O2

+ ions were used for
the primary beam. The analyzed raster size is given to be
approximately 70 �m2. The chamber pressure during the
SIMS measurement was approximately 2�10−9 mbar. For
KPFM measurements the Si epilayer samples were prepared
cross sectionally. After cleaving, the sample pieces were em-
bedded edgewise in synthetic resin, which is free of blow
holes. Then, the back and front side of the resin barrels were
lapped. The front side was additionally polished by using a

cloth with a grain size of 0.1 �m and an aluminum oxide
cloth with a grain size of 0.04 �m. In the last preparation
step a large Ohmic contact was deposited on the back side of
the resin barrels.

V. RESULTS

Ultrashallow Si dopant profiles in a conventional DRAM
cell33 have been investigated. Figure 3�a� shows the mea-
sured Kelvin bias of the DRAM cell with the pn transition in

FIG. 3. �Color online� �a� Kelvin bias probed on a conventional
Si dynamic random access memory cell. The size of the scan area is
13�13 �m2. The top metal and dielectric layer were etched off to
expose Si �Ref. 33�. Calculated differences �EC−EF�n�� and �EV

−EF�p�� in comparison to a UK section line �b� across a pn junction
and �c� across a n+pn+ junction. The UK section lines are averaged
over 20 scan lines. The blue/light gray point lies on the origin of the
coordinate system. The KPFM offset bias amounts to Uof f

=710 mV.
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y direction and the n+pn+ transition in x direction. The pn
section line crosses the p- and n-doped areas �Fig. 3�b��. The
n+pn+ section line crosses the same p-doped area and highly
n+-doped areas �Fig. 3�c��. For the pn junction in Fig. 3�b�
with a B concentration of NA=2�1016 cm−3 and a P con-
centration of ND=2�1017 cm−3, the CPD difference
amounts to 810 meV. Our KPFM model predicts an energy
difference of only 310 meV, which is in very good agreement
with the measured Kelvin bias of approximately 300 mV.
The n+pn+ junction shown in Fig. 3�c� has an As concentra-
tion of ND=2�1020 cm−3 and a B concentration of NA=2
�1016 cm−3. Here the CPD difference amounts to 930 meV,
whereas our KPFM model predicts a Kelvin bias difference
of 190 mV being again in very good agreement with the
measured Kelvin bias of approximately 200 mV. This key
result strongly supports our KPFM model.

The interpretation of the Kelvin bias probed on a pn junc-
tion reveals another interesting aspect of the presented
KPFM model, which is illustrated in Fig. 1. The lateral elec-
tric field in the space-charge region partially prevents the
screening of the immobile ionized dopant atoms in the asym-
metric electric-dipole layer at the semiconductor-oxide inter-
face by injecting majority charge carriers into the surface
region and will distort the probed Kelvin bias. The expected
singularity of the Kelvin bias at the pn junction where the
electric field has its maximum value may only be resolved

with an ultrasharp probe. Because at the end of the space-
charge region the mobile charge density is smeared out over
the Debye length; also there the probed Kelvin bias may be
distorted.

Another dopant profile commonly met in Si is buried dop-
ant profiles. We performed KPFM measurements on cross-
sectionally prepared Si epilayer samples in order to probe
such buried dopant profiles. In addition secondary-ion mass
spectrometry was carried out to get information about the
dopant profile in differently doped areas of the epilayer
structures. In Fig. 4 the section lines of the Kelvin bias
probed on different pn junctions of cross-sectionally pre-
pared Si epilayer structures with a surface roughness less
than 10 nm are represented. In Fig. 4�a� the Kelvin bias
across a pn junction between two differently doped Si re-
gions with a B concentration of NA=4.7�1016 cm−3 and a P
concentration of ND=1.4�1015 cm−3 can be seen. The cal-
culated CPD difference amounts to 700 meV, whereas our
KPFM model predicts a Kelvin bias difference of 420 mV.
This is in very good agreement with the measured Kelvin
bias of approximately 440 mV. The Kelvin bias probed
around the lateral position z=0 �m shows impressively the
expected overshoot due to the lateral electric field in a pn
junction �Fig. 1�. In Fig. 4�b� the Kelvin bias probed on a pn
junction between doped Si regions with a B concentration of
NA=1�1015 cm−3 and a P concentration of ND=6.5
�1015 cm−3 is shown. The CPD difference amounts to 650
meV, whereas our KPFM model predicts a Kelvin bias dif-
ference of 470 mV. Again this is in good agreement with the
measured Kelvin bias difference of approximately 470 mV.
The pn junction presented in Fig. 4�a� is a zoom in of the
substrate-epilayer region in the cross-sectionally prepared

FIG. 4. �Color online� UK section lines �averaged over 20 scan
lines� of the Kelvin bias probed across pn junctions in cross-
sectionally prepared Si epilayers in comparison to the calculated
differences �EC−EF�n�� and �EV−EF�p��; �a� P-doped Si substrate
with B-doped epilayers; �b� B-doped Si substrate with P-doped ep-
ilayers. The KPFM offset bias amounts to �a� Uof f =950 mV and
�b� Uof f =−350 mV.

FIG. 5. �Color online� UK section lines �averaged over 20 scan
lines� of the Kelvin bias recorded across a cross-sectionally pre-
pared Si epilayer structure compared to the calculated differences
�EC−EF�n�� and �EV−EF�p�� with an n+-type �solid blue/dark gray
line� and a p+-type �dashed blue/dark gray line� probe. The mea-
sured Kelvin bias UK cannot be explained within the CPD model
�black lines�. The new KPFM model �red/gray line� reproduces the
measured KPFM data independent of the probe potential. The
KPFM offset bias amounts to Uof f =950 mV.
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epilayer sample shown as a whole in Fig. 5. In addition to
the n+-probe NSC15/hd-P with a P concentration of ND=5
�1019 cm−3, we also used the p+-probe NSC15/hd-B, which
has a B concentration of NA=5�1019 cm−3. According to
the CPD model �Fig. 2� the Kelvin bias recorded with the
p+-type probe should differ by approximately 1000 mV from
the Kelvin bias probed with the n+-type probe in the sub-
strate region �Fig. 5�. However, the measured KPFM data are
independent of the probe potential �Fig. 5�. This can only be
explained with our KPFM model.

VI. CONCLUSIONS

In conclusion, a unique KPFM model for the interpreta-
tion of the Kelvin bias measured by means of KPFM has
been presented and successfully tested on a conventional Si
DRAM cell and on cross-sectionally prepared Si epilayer
structures. The model allows correlating quantitatively of the
measured Kelvin bias above n-type and p-type Si including
pn junctions with the energy difference between the Fermi
energy and the corresponding band edge. With the knowl-

edge about the concentration and the type of mobile charge
carriers at a reference position, e.g., in the substrate region,
or with the knowledge about the constant, offset of the
KPFM signal, the KPFM model enables direct dopant profil-
ing on the nanoscale in low to heavily doped semiconduc-
tors. We expect that for any material system a correct model
of the asymmetric electric-dipole formation at the surface
would allow relating of the measured Kelvin bias with the
electrical properties of the investigated material system.
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