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Abstract

Failure analysis and optimization of semiconducting devices request knowledge of their
electrical properties. To meet the demands of today’s semiconductor industry, an electri-
cal nanometrology technique is required which provides quantitative information about the
doping profile and which enables scans with a lateral resolution in the sub-10 nm range.
In the presented work it is shown that Kelvin probe force microscopy (KPFM) is a very
promising electrical nanometrology technique to face this challenge. The technical and
physical aspects of KPFM measurements on semiconductors required for the correct in-
terpretation of the detected KPFM bias are discussed. A new KPFM model is developed
which enables the quantitative correlation between the probed KPFM bias and the dopant
concentration in the investigated semiconducting sample. Quantitative dopant profiling by
means of the new KPFM model is demonstrated by the example of differently structured,
n- and p-type doped silicon. Additionally, the transport of charge carriers during KPFM
measurements, in particular in the presence of intrinsic electric fields due to vertical and
horizontal pn junctions as well as due to surface space charge regions, is discussed. De-
tailed investigations show that transport of charge carriers in the semiconducting sample is
a crucial aspect and has to be taken into account when aiming for a quantitative evaluation
of the probed KPFM bias.

Kurzfassung

Die Fehleranalyse und Optimierung von Halbleiter-Bauelementen erfordert genaue Kennt-
nis über deren elektrische Eigenschaften. Um dem heutigen Anspruch der Halbleiter-
Industrie zu genügen, wird eine elektrische Nanometrologie-Methode benötigt, die sowohl
eine quantitative Bestimmung von Dotierprofilen als auch Messungen mit einer lateralen
Auflösung unter 10 nm ermöglicht.
Im Hinblick auf diese Anforderungen wird in der vorgelegten Arbeit gezeigt, dass die
Raster-Kelvin-Mikroskopie (KPFM) eine Erfolg versprechende elektrische Nanometrologie-
Methode ist. Auf Basis einer grundlegenden Auseinandersetzung mit den technischen
und physikalischen Aspekten der Raster-Kelvin-Mikroskopie an Halbleitern wird ein neues
KPFM-Modell entwickelt, das den quantitativen Zusammenhang zwischen der gemessen-
en KPFM-Spannung und der Dotierkonzentration in der untersuchten Probe liefert. Am
Beispiel von unterschiedlich strukturiertem, n- und p-Typ dotiertem Silizium wird die
quantitative Bestimmung des Dotierprofils mit Hilfe des neuen Modells demonstriert. Mit
besonderem Augenmerk auf intrinsische elektrische Felder an horizontalen und vertikalen
pn-Übergängen und in Oberflächen-Raumladungszonen wird des Weiteren der Transport
von Ladungsträgern während der KPFM-Messung diskutiert. Ausführliche Untersuchun-
gen zeigen, dass der Transport von Ladungsträgern in der halbleitenden Probe von entschei-
dender Bedeutung ist und für eine quantitative Auswertung der gemessenen KPFM-Span-
nung berücksichtigt werden muss.
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1 Introduction

1.1 Motivation

Electrical nanometrology techniques have become more and more important during the
last decades. This is mostly due to the semiconductor industry where failure analysis
and optimization of semiconductor devices demand knowledge of their electrical proper-
ties. A focus of investigations lies on the dopant concentration and distribution which
mainly determine the transport properties of semiconductor devices. Therefore, charac-
terization techniques are required that provide quantitative information about the doping
profile in semiconductors. Another important issue regarding electrical nanometrology is
the lateral resolution of the applied techniques. Since the invention of the first transis-
tor in 1948 [1] semiconductor devices have been fabricated smaller and smaller in order
to increase implementation density and operating speed. Nowadays, conventional metal-
oxide-semiconductor field-effect-transistors (MOSFETs) are working in the sub-100 nm
range [2]. Moreover, devices in the sub-10 nm range have been fabricated and investigated
[3–5]. A new concept of nanoscale MOSFET devices is the development of gate-all-around
Si nanowire structures [6–13].
In addition to experimental studies there have been theoretical approaches to understand
device physics on the nm length scale where effects like quantum confinement, and non-
equilibrium, near-ballistic carrier transport have to be taken into account [14–16].
In summary, for the characterization of semiconductor devices an electrical nanometrology
technique is required which provides quantitative information about the doping profile and
which enables precise measurements on the nm length scale. In the presented work it is
shown that Kelvin probe force microscopy is a very promising electrical nanometrology
technique to address this challenge.

1.2 State of the art in electrical nanometrology techniques

Nowadays, various electrical nanometrology techniques are applied for the characterization
of semiconductors. The conventional scanning probe microscopy (SPM) techniques for
electrical characterization of semiconductors on the nm length scale are divided into contact
mode methods, i.e. scanning capacitance microscopy (SCM), scanning spreading resistance
microscopy (SSRM), scanning microwave microscopy (SMM), and conductive atomic force
microscopy (CAFM), and non-contact mode methods, i.e. electrostatic force microscopy
(EFM) and Kelvin probe force microscopy (KPFM). For SCM [17–19], SSRM [20–22], or
CAFM [23–25], very sensitive capacitance, resistance, or conductivity sensors, respectively,
have been developed. The corresponding sensor has to be attached onto the scanner head
frame of the atomic force microscope (AFM).
In SCM, which was developed by Matey et al. in 1985 [26], the change of capacitance in de-
pendence on an applied alternating bias is measured. Quantitative dopant profiling is only
achieved by using special setups, as for example ultrahigh-precision, calibrated capacitance
bridges [27]. However, for conversion of the measured SCM data into dopant concentra-
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tions extended calculations of the SCM capacitance between tip and sample are required
[28]. SSRM was developed in 1995 by W. Vandervorst et al. [29] who combined conven-
tional spreading resistance profiling (SRP) [30] with the AFM technique. The measured
resistance values have to be transformed into carrier-concentration values by performing
n-type and p-type SSRM calibration measurements [22, 31]. In CAFM a current flowing
through the sample is detected, which is a measure for the local conductivity. CAFM is
commonly applied in the field of dielectric film characterization [32]. A new and promising
electrical nanometrology technique is SMM which has been developed in 2008 by Agilent
Technologies [33]. Here, the impedance is measured in dependence on an applied dc-bias by
means of a frequency-tunable, high-quality GHz resonator circuit. A calibration procedure
is required for the quantitative interpretation of the probed SMM data [34].
These electrical nanometrology techniques only yield the quantitative doping profile in
semiconductors if they are used complementary and if calibration measurements have been
performed on well-described reference samples. The technical and physical aspects of the
introduced contact-mode electrical nanometrology techniques are discussed in Sect. 2.
A more straightforward electrical nanometrology technique is the non-contact KPFM
method.

1.3 The great potential of Kelvin probe force microscopy

KPFM is derived from a method developed by Lord Kelvin in 1898 [35]. The Kelvin
method was primarily combined with the AFM technique by Nonnenmacher et. al. in
1991 to investigate electrostatic forces between the probe and metals [36] and in 1992
between the probe and a semimetal, i.e. highly oriented pyrolitic graphite (HOPG) [37].
After this, KPFM has been used to investigate various physical aspects like the interface
dipole layer formed between a metal surface and alkali chloride thin films [38, 39], surface
defects in chalcopyrite solar cell devices [40] and semiconductors [41, 42], minority charge
carrier diffusion lengths [43], doping profiles in semiconductors [44, 45] even with atomic
resolution [46], pn junctions in semiconductors without [47, 48] and under applied bias
[49, 50], the tip-sample interaction [51, 52], the frequency dependence of the KPFM signal
[53], or the electrostatic forces between the conductive probe and bulk insulating materials,
e.g. correlated with the Madelung surface potential [54].
An interesting new field of application is the investigation of organic materials by means of
KPFM. The broad field of biotechnology also comprises the research on organic solar cells.
For the development of efficient organic solar cells the doping and nanostructure process-
ing of organic materials has to be studied and understood. In Ref. [55] KPFM is used for
example to investigate the nanoscale phase segregation of a C132-C16-perylene heterojunc-
tion, where C132-C16 fibers with donor-type character and with a constant cross-section
form on the acceptor-type perylene layer. A mere biological application of KPFM is for
example the study of biomolecules. Single biomolecules exhibit well-defined charge centers.
At the formation of highly specific binding complexes the charge density locally changes
[56]. Therefore, by means of KPFM different interactions between biomolecules and the
resulting binding complexes can be qualitatively distinguished. This allows for example
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to probe protein-DNA interactions on the nm length scale [57]. Also double-stranded
DNA and transcription complexes on an insulating mica substrate have been investigated
successfully with molecular resolution by means of an electrostatic force microscope [58].
For biological applications KPFM provides many advantages as for example its non-
destructive measurement principle. However, the quantitative evaluation of KPFM data
probed on organic materials remains an open issue.

For a quantitative interpretation of the probed KPFM bias, the electrostatic interaction
between the cantilever and the sample as well as the KPFM measurement technique it-
self have to be understood. In this work, a physical model is developed which enables
the quantitative correlation of the probed KPFM bias with the dopant concentration in
semiconductors. The investigated semiconducting samples are introduced in Sect. 3.1. In
Sect. 5 it is explained in detail how the developed KPFM model combines the physical
properties of the semiconductor surface and bulk with the unique measurement principle
of KPFM. Additionally, major aspects of KPFM measurements on semiconductors as for
example the influence of intrinsic electric fields due to vertical and horizontal pn junctions
are discussed within the new KPFM model in Sect. 5. Complementary characterization
methods have been applied for validation of the developed KPFM model. These meth-
ods are introduced in Sect. 3.3. In Sect. 6 the main results of the presented work are
discussed. Quantitative dopant profiling is successfully demonstrated on conventional Si
static random access memory (SRAM) and Si dynamic random access memory (DRAM)
cells (Sect. 6.1), and on cross-sectionally prepared Si epilayers (Sect. 6.2). The transport
of charge carriers during KPFM measurements, in particular in the presence of intrinsic
electric fields due to vertical and horizontal pn junctions as well as due to surface space
charge regions, is investigated. It is shown that the transport of charge carriers in the
semiconducting sample is a crucial aspect which has to be understood when aiming for a
quantitative evaluation of the probed KPFM bias. Finally, in Sect. 6.3 KPFM is applied
to investigate the dopant distribution and shape of horizontal Si nanowires which are the
basic unit in gate-all-around MOSFETs. In Sect. 7 the results are summarized and a
proposal for future work is given.



2 Electrical nanometrology techniques

For the aim of electrical characterization on the nm length scale various scanning probe
microscopy methods have been developed. The main SPM techniques can be divided into
contact mode methods, i.e. scanning spreading resistance microscopy, conductive atomic
force microscopy, scanning capacitance microscopy, and scanning microwave microscopy,
and non-contact mode methods, i.e. electrostatic force microscopy and Kelvin probe force
microscopy. In this section an overview regarding these SPM techniques is given and their
advantages and disadvantages are discussed.

2.1 Scanning spreading resistance microscopy

Scanning spreading resistance microscopy, also referred to as nanometer spreading resis-
tance profiling (nano-SRP) [31, p. 3], has been developed for 2D carrier profiling in semi-
conductors [29, 59]. The basic measurement principle of SSRM is shown in Fig. 2.1. During
the SSRM measurement a dc-bias is applied between the sample and the conductive can-
tilever. The probe is scanned over the sample surface in contact mode and the current flow
through the sample is detected. Typical detected currents are in the range of 10−12 A to
10−4 A [60]. Finally, the local spreading resistance is mapped. Series resistances occurring
for example at the back contact of the sample or between the conductive probe and the
sample surface have to be avoided because they might influence the SSRM measurement
[61, p. 18].
For providing the necessary good electrical contact between the probe and the semicon-
ducting sample, the probe has to be pushed with high forces for penetrating the thin oxide
layer on top of the semiconductor [61, p. 18]. Therefore, SSRM measurements require spe-
cial probes. The tip radius has to be small, and the probe has to be electrically conductive
and wear resistant [32]. Pyramidal diamond tips are commonly applied nowadays [32, 62].
In general, hard probes have to be used for the SSRM measurement because only at high
forces the spreading resistance dominates over the contact resistance [31, p. 34].
In a simple model, the spreading resistance occurring during the SSRM measurement is de-
scribed by means of a flat circular ohmic contact and a hemispherical ohmic contact [61, p.
20]. In reality, more phenomena have to be taken into account for the correct correlation of
the spreading resistance with the local carrier concentration. The probe, for example, is not
flat and may be deformed during the SSRM measurement due to the high contact forces.
Additionally, a phase change of the underlying semiconductor may occur at high probe con-
tact pressures [61, p. 22]. These effects result in a non-linear resistance-resistivity response
[61, p. 26] and complicate quantitative SSRM measurements. Normally, it is assumed that
the measured spreading resistance is proportional to the local sample resistivity. Even with
this assumption the SSRM data can be converted into the local carrier concentration only
by carrying out highly accurate and complicated SSRM calibration measurements [22, 63].

In general, SSRM damages the sample surface and after several scans at the same sample
position the surface may even change structure and electric properties. Nevertheless, the



2.2 Conductive atomic force microscopy 5

Figure 2.1: Measurement principle of scanning spreading resistance microscopy (SSRM). A dc-
bias is applied between the conductive cantilever and the back contact of the sample. By means
of a logarithmic amplifier [log(I)] the current flow through the sample is detected. The thin oxide
layer on top of the semiconductor has to be locally penetrated by the hard SSRM probe. SSRM
provides a two-dimensional map of the local spreading resistance. Adapted from Ref. [60].

lateral resolution of SSRM is unique and values below 10 nm are achieved. Eyben et al.
[64] for example investigated the doping profile in MOSFET structures and observed a
lateral resolution below 3 nm. Only recently a lateral resolution of 4 nm was reported by
X. Ou et al. who examined individual Si nanowires and used the abrasive SSRM technique
for depth-resolved dopant profiling [65].

2.2 Conductive atomic force microscopy

Conductive atomic force microscopy is used to measure variations in the electrical conduc-
tivity of materials with medium conductivity, i.e. currents of 10−12 A to 10−6 A [66]. The
measurement principle of CAFM is illustrated in Fig. 2.2. While the conductive probe is
scanned over the sample surface in contact mode, a dc-bias is applied between the probe
and the sample. The current passing through the sample is detected which is a measure for
the local conductivity. Note that the oxide layer on top of the semiconductor is not pen-
etrated during the CAFM measurement in contrast to SSRM measurements. This major
difference between the CAFM and SSRM technique results in different fields of application.
CAFM has been originally developed to investigate degradation and dielectric breakdown
effects in SiO2 gate dielectrics [68] and is nowadays the preferred electrical nanometrology
technique in the field of dielectric film characterization [32]. CAFM is extremely sensitive
to the oxide thickness and can detect thickness variations with an accuracy in the Å-
regime [69]. By modeling the probed current to the Fowler-Nordheim law it is possible
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Figure 2.2: Measurement principle of conductive atomic force microscopy (CAFM). A dc-bias
is applied between the conductive probe and and the back contact of the sample. The tunneling
current passing through the sample is detected. Note that the conductive probe does not penetrate
the thin oxide layer on top of the semiconductor. CAFM provides a two-dimensional map of the
tunneling current. Adapted from Ref. [67].

to determine the absolute layer thickness as successfully demonstrated by the example of
CAFM measurements on SiO2 [24, 68–70].
The field of applications of the CAFM technique is permanently increasing. Various ma-
terials like high-k dielectrics [71, 72], diamond and diamond-like carbon films [73, 74],
semiconducting films [75], organic light-emitting diodes [76], and electroluminescent poly-
mers [77] have been investigated with respect to morphology and electrical properties such
as the local conductivity [75], charge transport [76–78], localized charges [79], and quantum
confinement on the nm length scale [80].
CAFM has also been proved to be a reliable tool for the detection of electrical defects in
semiconductor storage devices. For example, Si nanocrystals are embedded in the SiO2

gate oxide of MOS structures for the development of advanced highly integrated nonvolatile
memory devices [24, 25]. Porti et al. investigated the charge storage in such MOS memory
devices by means of CAFM and found that the Si nanocrystals locally enhance the con-
ductivity of the gate oxide [24, 25]. This is explained with the phenomenon of trap-assisted
tunneling. The charge that can be stored in the Si nanocrystals was estimated from the
I-V characteristics by means of fitting the data to the Fowler-Nordheim tunneling law. It
was found that approximately 20 % of the Si nanocrystals are charged [24, 25].
A new field of application for the CAFM technique is found in material research and
failure analysis in the solar cell industry. CAFM is useful to investigate the local electrical
properties of solar cells, as was shown for example by Moutinho et al. on CdTe/CdS films
[81]. A surface non-uniformity, e.g. due to grains with different electrical properties, has
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been observed which is the reason for the poorer conductivity of untreated CdTe/CdS films.
For improving the electrical conductivity of thin film solar cells different surface treatments
have been carried out by Moutinho et al. [81]. They found that only a nitric/phosphoric
(NP) etching increases the conductivity of the CdTe/CdS film due to the formation of a
conductive Te-rich layer on the surface of the solar cell which significantly improves the
ohmic contact.

2.3 Scanning capacitance microscopy

Scanning capacitance microscopy is a well established tool for qualitative 2D imaging of
doped semiconductors [17, 28, 82, 83] with dopant concentrations in the range of 1015 cm−3

to 1020 cm−3 [84]. The measurement principle of SCM is illustrated schematically in Fig.
2.3. SCM is based on the detection of the local free carrier concentration by measuring
the local depletion/accumulation capacitance that is formed below a conductive cantilever.
When the conductive probe is in contact, a metal-oxide-semiconductor (MOS) capacitor
is formed between the probe and the semiconducting sample which has a thin oxide layer
on top. The extension of the accumulation/depletion region in the formed MOS capacitor
changes when applying a dc-bias and an ac-bias to the sample backside. Charge carriers
in the surface region of the semiconductor alternatively accumulate and deplete, thus

Figure 2.3: Measurement principle of scanning capacitance microscopy (SCM). When the con-
ductive probe is in contact, a metal-oxide-semiconductor (MOS) capacitor is formed between the
probe and the semiconducting sample with a thin oxide layer on top. A dc-bias and an ac-bias
are applied between the cantilever and the back contact of the sample. By means of a capacitance
sensor and a lock-in amplifier, relative variations in the capacitance of the formed MOS structure
are detected. SCM provides a two-dimensional map of the dC/dV amplitude and phase. Adapted
from Ref. [85].
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Figure 2.4: High-frequency CV curves of (a) an n-type and (b) a p-type ideal metal-oxide-
semiconductor structure formed during the scanning capacitance microscopy measurement. The
magnitude of the capacitance change versus the applied bias dC/dV provides information about
the concentration of charge carriers. The sign of the slope of dC/dV allows a conclusion about
the type of majority charge carriers. Adapted from Refs. [86, p. 10] and [87, p. 206].
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changing the probe-sample capacitance. The change of the capacitance of the MOS diode
is measured by means of a GHz resonant capacitance circuit.
In Fig. 2.4 the expected high-frequency CV curves of an MOS capacitor with an n-type
[Fig. 2.4(a)] and a p-type [Fig. 2.4(b)] semiconductor are presented. The magnitude
of the capacitance change, i.e. the amplitude of the SCM signal, provides information
about the charge carrier concentration. Note that the amplitude decreases with increasing
dopant concentration. The sign of the slope of dC/dV may be analysed by means of the
phase of the SCM signal and allows a conclusion about the type of majority charge carriers.

In Fig. 2.5 the results of a SCM measurement across a conventional SRAM cell (Sect. 3.1.1)
are presented. The surface topography is displayed in Fig. 2.5(a), while dC/dV amplitude
and phase are shown in Fig. 2.5(b) and (c), respectively. The topography image has been
treated with a flattening procedure. Flattening is commonly used to remove artefacts from
the acquisition process. For example, it is unlikely that the sample surface is positioned
perpendicular to the tip [88]. Further artefacts may be introduced by optical interference
in the detection system, nonlinearity in the x−y motion of the piezoelectric scanner, and
random tip jumps [88]. These artefacts may be reduced by applying polynomial or plane
flattening procedures [89]. Nevertheless, it is a well-known problem that although flattening
can minimize height artefacts on smooth surfaces further artefacts are introduced when
images with high features are processed [90]. This effect is observed in the topography
image in Fig. 2.5(a), where artefacts along the fast scan axis lead to deep artificial valleys
between the higher device units. This important limitation of flattening procedures as well
as the fact that artefacts like sample tilt and random tip jumps can not be identified without
doubt in images of electrical signals lead to the fundamental conclusion that flattening of
electrical data has to be avoided. Flattening of images of electrical data may change the
contrast which prevents a correct quantitative interpretation of the measured data.

Figure 2.5: Scanning capacitance microscopy data probed on a conventional Si static random
access memory cell (Sect. 3.1.1). (a) Surface topography, (b) dC/dV amplitude and (c) dC/dV
phase.
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Figure 2.6: Scanning capacitance microscopy (SCM) data probed on the cross-sectionally pre-
pared Si:B epilayer sample introduced in Sect. 3.1.2. The dC/dV amplitude and phase recorded
by means of an NSG20 Au coated cantilever are plotted in (a) and (b), respectively. In (c) and
(d) the dC/dV amplitude and phase probed by means of an SCM-PIC Pt/Ir coated cantilever are
shown. The recorded SCM data strongly depend on the conductive probe geometry and material.
(Measurements by Stephan Streit, HZDR). Adapted from Ref. [91].

Therefore, all images of electrical data, in particular the SCM data and KPFM bias data,
presented in this work have not been treated with flattening procedures and reflect the
original scan data.

The quantitative analysis of the measured SCM data is difficult. For particular aims like the
quantitative dopant profiling in semiconductors, special setups have to be applied, as for
example ultrahigh-precision capacitance bridges [27] which demand very time-consuming
calibration procedures. Another significant disadvantage of the SCM technique is that
the measured SCM signal strongly depends on probe conditions, sample preparation and
dielectric film properties [32]. In the following, this problem regarding quantitative SCM
is discussed by the example of SCM data probed with two different types of conductive
cantilevers on a cross-sectionally prepared Si:B epilayer sample. The Si:B epilayer struc-
ture consists of three B-doped layers of 3 µm thickness with two 1 µm thick spacer layers
in between. The epilayer sample is introduced in Sect. 3.1.2 and investigated in this work
in detail by means of KPFM (Sect. 6.2.1).
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The SCM measurements have been performed by means of a Dimension 3100 scanning
probe microscope from Veeco Instruments (since 2010 Bruker Corp.). The DI 3100 system
works with an ultrahigh frequency (880−1050 MHz) resonant capacitance sensor and has
a sensitivity of 10−22 F/

√
Hz [86]. In Fig. 2.6 the results of the SCM measurement across

the cross-sectionally prepared Si:B epilayer sample are presented. The SCM measurements
have been carried out using a NSG20 Au coated cantilever [Fig. 2.6(a) and (b)], and a
SCM-PIC Pt/Ir coated cantilever [Fig. 2.6(c) and (d)], respectively. For recording the
dC/dV data, one line across the Si:B epilayer structure has been scanned repeatedly while
changing the applied dc-bias Udc from +3.5 V to -3.5 V in steps of 0.1 V. Strong differences
occur in dependence on the probe material. The SCM amplitude probed with the NSG20
cantilever reflects only weakly the epilayer structure [Fig. 2.6(a)]. The most dominant
feature is the SCM phase shift probed at a dc-bias of 1.5 V and 3.0 V across the epilayer
region and the substrate region, respectively [Fig. 2.6(b)]. Using the SCM-PIC cantilever
the SCM amplitude shows much more details in the epilayer region [Fig. 2.6(c)]. The SCM
phase shift is observed at a dc-bias of 0 V across the epilayer region and at 1.5 V above
the substrate region. It can be concluded from these measurement results that the SCM
signal differs in dependence on the applied cantilever type. Therefore, the extraction of
the sample contribution to the SCM signal is complicated.

The lateral resolution of SCM is limited by the measurement technique itself. At zero bias,
the depletion zone which is formed during the probe-sample interaction restricts the lateral
resolution to 50−100 nm [32]. This problem may be solved by new technical approaches
to SCM as for example the scanning capacitance spectroscopy [92–95]. Additionally, de-
velopments have been made towards non-contact SCM techniques [96, 97].

2.4 Scanning microwave microscopy

Scanning microwave microscopy has been developed in 2008 by Agilent Technologies and
was introduced in Ref. [33]. For the SMM mode a conventional AFM is combined with a
vector network analyzer. The measurement principle is illustrated in Fig. 2.7. The conduc-
tive probe is scanned over the sample in contact mode. The performance network analyzer
(PNA) generates a microwave signal in the GHz range which is transmitted through a
matched resonant circuit to the conductive probe. The amount of reflected microwaves
compared to the amount of incident microwaves is measured and depends on the mis-
match between the sample impedance and the transmission line impedance, and thus on
the sample properties [34]. In standard SMM the PNA amplitude and phase are mapped
simultaneously with the surface topography. By means of a calibration the detected PNA
amplitude and phase can be related to capacitance and dopant density values [98]. If a
doping profile measurement module (DPMM) [99] is added to the SMM setup, also the
dC/dV amplitude and phase can be detected [100] and compared to SCM (Sect. 2.3).
First measurements of representative test samples like conventional SRAM cells revealed
that the measured SMM signal mainly depends on the sample and not on the conductive
probe. In Fig. 2.8 the results of SMM measurements [98] across a SRAM cell are presented.
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Figure 2.7: Measurement principle of scanning microwave microscopy (SMM). A performance
network analyzer (PNA) generates a microwave signal in the GHz range which is transmitted
through a matched resonant circuit to the conductive probe. The ratio between reflected and
incident microwaves is measured. SMM provides a two-dimensional map of the PNA amplitude
and phase. Adapted from Ref. [34].

This SRAM cell is comparable to the SRAM sample investigated in this work (Sect. 3.1.1),
though the topographic pattern of both SRAM cells differs in particular at the edges of
the device units. Surface topography, capacitance, and dC/dV signals are shown in Fig.
2.8(a), (b) and (c), respectively. The images of capacitance and dC/dV provide qualitative
information about the dopant distribution. For quantitative interpretation of the SMM
data a calibration procedure is required which is described in detail in Ref. [34].

Figure 2.8: (a) Topography, (b) capacitance, and (c) dC/dV images of a Si static random access
memory chip acquired with a scanning microwave microscope. The underneath n-type (bright)
and p-type (dark) doped structures are clearly identified in the capacitance and the dC/dV image.
From Ref. [98]. (Copyright by Agilent Technologies - Reproduced with permission.)
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The sensitivity and signal-to-noise-ratio of SMM is significantly enhanced compared to con-
ventional electrical nanometrology techniques, where the small signal-to-background ratio
limits both, sensitivity and lateral resolution [33]. Thus, SMM significantly advances elec-
trical nanometrology measurements on metals, semiconductors and insulators, compared
for example to SCM (Sect. 2.3).

2.5 Electrostatic force microscopy

EFM is a non-contact dynamic SPM technique in which electrostatic forces between a
conductive probe and the sample surface are detected. The measurement principle of
EFM is illustrated in Fig. 2.9. During the EFM measurement the conductive cantilever
vibrates at its resonance frequency fr for detecting the surface topography. Additionally,
an applied electric field oscillates at the operation frequency fac. As displayed schematically
in Fig. 2.10(a), the vibration amplitude of the cantilever at fac depends on the dopant
concentration in the semiconducting sample and increases with increasing electrostatic
forces, i.e. with decreasing dopant concentration. Depending on the applied EFM system,
the topography and the electrical signal can be detected simultaneously or one after the
other.
A special measurement mode of EFM is Kelvin probe force microscopy. In KPFM the
electrostatic forces acting onto the cantilever are minimized by applying an appropriate
external dc-bias. The applied, appropriate dc-bias is referred to as KPFM bias UK and
recorded as KPFM measurement signal.

Figure 2.9: Measurement principle of electrostatic force microscopy (EFM). A dc-bias and an
ac-bias are applied between the conductive probe and the back contact of the sample. The
cantilever deflection due to electrostatic forces is detected. EFM provides a two-dimensional map
of an electrical signal which is related to the electrostatic forces, and thus to the local dopant
concentration in the semiconductor.
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Figure 2.10: Comparison between the measurement principles of (a) electrostatic force mi-
croscopy (EFM) and (b) amplitude-modulated (AM) Kelvin probe force microscopy (KPFM). In
EFM, the vibration amplitude of the conductive cantilever changes in dependence on the electro-
static forces, i.e. in dependence on the dopant concentration in locally doped semiconductors. In
AM-KPFM, the dc part of the applied bias is used to nullify the vibration amplitude of the can-
tilever at the operation frequency fac and thus to minimize the electrostatic forces. The applied,
appropriate dc-bias is recorded and referred to as the KPFM bias.

One has to distinguish between amplitude-modulated (AM) and frequency-modulated
(FM) KPFM [101, p. 36]. In AM-KPFM, which is applied in the presented work and
schematically shown in Fig. 2.10(b), the amplitude of the cantilever at the operation
frequency fac is nullified in order to minimize the electrostatic forces acting onto the con-
ductive cantilever. FM-KPFM is based on the fact that the gradient of the electrostatic
forces modulates the resonance frequency fr of the cantilever and causes oscillation ampli-
tudes at the frequencies fac and 2fac. Thus, side bands at fr±fac and fr±2fac occur in the
KPFM frequency spectrum. The KPFM bias is adjusted so that the frequency modulation
of fr and thus the oscillation amplitude of the side bands at fr ± fac vanishes. [101, p. 36]

Since its introduction in 1991, KPFM was applied to investigate various aspects as for
example the electric properties of metals [36], doped semiconductors [44, 45], and even
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of insulators [54]. KPFM was also used to examine voltage drops in metal interconnects
and planar resistors [102], the band bending at semiconducting surfaces [103], degradation
processes in heterostructures [104], and the electronic properties of organic solar cells [55].
A new field of application of the KPFM technique is the investigation of biomolecules
[56–58].
For the quantitative evaluation of the probed KPFM bias, the electrostatic forces in the
cantilever-sample system and their minimization during KPFM measurements have to be
understood. In this work, the focus lies on the investigation of locally doped semiconductors
by means of KPFM. In the following Sect. 3.1, the investigated semiconducting samples are
introduced. The technical and physical aspects of KPFM measurements on semiconductors
are discussed in detail in Sect. 5.



3 Experimental details

3.1 Semiconducting samples

3.1.1 Silicon static and dynamic random access memory cells

The Si static random access memory (SRAM) and Si dynamic random access memory
(DRAM) integrated circuits investigated in this work are standard SCM test samples sup-
plied by Veeco Instruments (since 2010 Bruker Corp.).
In memory devices digital information are stored in terms of bits. For large memories,
commonly the random access memory (RAM) concept is applied where memory cells are
organized in a matrix structure and data can be accessed in random order. [105, p. 507]
SRAM and DRAM cells are volatile RAM devices which lose the stored information when
the power supply is switched off [105, p. 214].
An SRAM cell is a flip-flop circuit where each bit is stored as a voltage. One SRAM cell
contains at least six MOSFETs, i.e. four enhancement-mode MOSFETs and two depletion-
mode MOSFETs. Due to the working principle of SRAM cells, the stored information is
retained as long as the power supply is kept switched on. [105, p. 507]
The main advantage of SRAM cells is the high-speed processing. However, SRAM cells
have a large power consumption and a low accessible density. [105, p. 214]
For decreasing the unit size and the power consumption DRAM cells have been developed.
A DRAM cell is a simply structured circuit combining one MOSFET and one capacitor.
Charging and discharging of the capacitor is controlled by the MOSFET. The voltage level
of the charged or discharged capacitor defines then the logic state of the cell. A crucial
disadvantage of DRAM cells is that permanent refreshing of the stored data is necessary
due to charge leakage. Refreshing is achieved by reading and writing the information every
few milliseconds. [105, p. 507]
However, due to the simple structure of the DRAM unit, a high accessible density can be
achieved [105, p. 214].

Figure 3.1: Schematic illustration of an n-MOSFET with the channel length L and the oxide
thickness d. The dark grey areas are ohmic metal contacts. Adapted from Ref. [106, p. 593].
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Figure 3.2: Schematic doping pattern of the (a) Si static random access memory (SRAM) and
(b) Si dynamic random access memory (DRAM) cells supplied by Veeco Instruments (since 2010
Bruker Corp.) as scanning capacitance microscopy (SCM) test samples. Adapted from Refs.
[107, 108]. From the SCM data images of the (c) SRAM [107] and the (d) DRAM [66] cell the
type of the majority charge carriers can be identified, i.e. the n-type (dark colour) and p-type
(bright colour) doped regions. (Figs. (c) and (d) c©Bruker Corp. - Reproduced with permission.)

In the following the structure and the basic working principle of MOSFETs are explained by
the example of an n-MOSFET illustrated schematically in Fig. 3.1. A detailed discussion
can be found in Refs. [106, p. 592f] and [87, p. 297f]. The n-MOSFET consists of
two n+-type regions in a p-type conducting substrate, i.e. the source and the drain, with
ohmic metal contacts on top. The gate diode between source and drain is a metal-oxide-
semiconductor diode with the oxide thickness d. The distance between the source and the
drain defines the channel length L of the n-MOSFET.
The working principle of MOSFETs is based on a current flow through the channel from
source to drain which is variable by means of the gate voltage VG. When ground or a low
gate voltage is applied to the n-MOSFET, a depletion layer is present underneath the gate
diode and the channel is closed. When applying a sufficiently large positive gate voltage, a
surface inversion layer forms underneath the gate diode. This layer is an n-type conduct-
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ing channel which enables a current flow between source and drain. By varying the gate
voltage VG the conductance of the channel can be modulated. For additional modulation
of the channel conductance a voltage may be applied to the substrate contact, i.e. the back
surface voltage VBS. [106, p. 592f], [87, p. 297f]

For electrical nanometrology test measurements, the SRAM and DRAM cells have been
step-by-step de-processed to bare Si by Veeco Instruments. The process is described in
detail in Ref. [108] and summarized in the following. In a first step, reactive ion etching (O2,
CF4, radio frequency 300 W) is applied to remove the passivation, metal gate electrodes,
oxide and silicon layers. After this, an aluminum etching (16:1:1:1, phosphoric acid:nitric
acid:acetic acid:H2O) is carried out followed by a final HF etching (49% HF vol/vol).
After de-processing, the SRAM and DRAM cells have a similar surface topography and
only differ in doping pattern. The schematic doping pattern of the SRAM and DRAM
cell is illustrated in Fig. 3.2(a) and (b), respectively. In Fig. 3.2(c) and (d) corresponding
SCM data of the SRAM and DRAM cell from Veeco Instruments are shown. From the
SCM data the type of majority charge carriers can be deduced (Sect. 2.3) and the n-type
(dark colour) and p-type (bright colour) doped regions are identified.

The dopant concentration, species, ion dose, and implantation energy of the SCM test
samples are summarized in Tab. 3.1. Note that the ”n-channel” regions located between
the n+-type regions are p-type conducting. The ”p-channel” regions prepared between the
p+-type regions are n-type conducting. The p-epi region is not implanted.

Table 3.1: Doping type, dopant concentration, species, ion dose, and implantation energy of
the doped regions in the SCM test samples supplied from Veeco Instruments (since 2010 Bruker
Corp.). Data taken from Ref. [107].

Doping type Dopant concentration Dopant species Dose Energy

(cm−3) (cm−2) (keV)

n - well n 2× 1017 P+ 1.7× 1013 900

p - channel n 1× 1017 P+ 1× 1012 175

p - LDD p 3× 1018 BF+
2 6× 1013 40

p+ p 4× 1019 BF+
2 2× 1015 45

p - epi p 2× 1016

n - channel p 2× 1017 BF+
2 2× 1012 30

n - LDD n 5× 1018 P+ 6× 1013 40

n+ n 2× 1020 As+ 4× 1015 100
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The SRAM and DRAM cells contain lightly doped drain (LDD) regions which are used to
extend the drain region. Thereby, high electric fields are relieved and related hot carrier
effects are minimized [109]. Additionally, MOSFETs containing LDD regions offer an im-
proved threshold voltage stability due to short-channel effects [110].

In the SRAM and DRAM cells BF+
2 implantation is used for doping of the p-type re-

gions. BF+
2 is commonly chosen as a B dopant source due to beneficial effects of the

co-implantation of fluorine. For example, after the BF+
2 implantation the electrical activa-

tion of B is enhanced compared to the B+ implantation [111]. Additionally, the diffusion
depth of B during thermal treatment is decreased if BF+

2 instead of B+ is implanted [112].

The results of the KPFM measurements on the SRAM and DRAM cell are discussed in
Sect. 6.1.

3.1.2 Cross-sectionally prepared silicon epilayer samples

The Si epilayer samples have been grown epitaxially at the Fraunhofer Institute for Pho-
tonic Microsystems Dresden (Fraunhofer IPMS). Two different types of Si epilayers are
investigated in this work. In Fig. 3.3(a) and (b) the structure of the Si:B and the Si:P
epilayer sample is illustrated, respectively.
The Si:B epilayer structure has been grown on a P-doped Si substrate. The epilayer
structure consists of three B-doped layers of 3 µm thickness with two 1 µm thick spacer
layers in between [Fig. 3.3(a)]. The Si:B epilayer sample has been investigated by means
of Secondary ion mass spectrometry (SIMS) which is introduced in Sect. 3.3.1. From the
SIMS results an acceptor concentration of 4.7×1016 cm−3 (near-substrate Si:B layer), 8.3×
1016 cm−3 (central Si:B layer), and 1.2× 1017 cm−3 (top Si:B layer) has been determined,
respectively. The donor concentration in the P-doped substrate amounts to 1.4×1015 cm−3.
In the spacer layers substrate conditions are expected. However, the spacer layers could not
be resolved satisfyingly by the SIMS measurements. In general, the only 1 µm thick spacer
layers are strongly determined by the space charge regions forming between the spacer
layers and the neighbouring Si:B layers. These space charge regions have a width of about
800 nm from the pn interface in the spacer layers and thus strongly overlap. The influence
of those intrinsic electric fields in the Si:B epilayer sample on the KPFM measurement is
discussed in detail Sect. 6.2.1.3. Quantitative dopant profiling is demonstrated in Sect.
6.2.1.1 by means of the pn junction between the P-doped substrate and the near-substrate
B-doped epilayer.
The Si:P epilayer structure has been grown on a B-doped Si substrate and contains three
P-doped layers of 3 µm thickness with two 1 µm thick spacer layers in between [Fig. 3.3(b)].
SIMS measurements have been performed on the Si:P epilayer sample and from the results
a donor concentration of 6.5×1015 cm−3 (near-substrate Si:P layer), 7.7×1015 cm−3 (central
Si:P layer), and 9.1× 1015 cm−3 (top Si:P layer) is deduced. The B-doped substrate con-
tains an acceptor concentration of 1× 1015 cm−3. In the spacer layers substrate conditions
are expected. Nevertheless, also in the Si:P epilayer sample the spacer layers could not
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Figure 3.3: Schematic cross-sectional view of the (a) Si:B and (b) Si:P epilayer structure grown
epitaxially on doped Si substrates at the Fraunhofer Institute for Photonic Microsystems Dresden.

be resolved satisfyingly by the SIMS measurements. Similar to the Si:B epilayer sample,
the spacer layers in the Si:P epilayer sample are strongly determined by the space charge
regions forming between the spacer layers and the neighbouring Si:P layers. In the Si:P
epilayer sample, the space charge regions in the spacer layers have a width of about 850 nm
from the pn interface and thus overlap. The influence of the these intrinsic electric fields in
the Si:P epilayer sample on the KPFM measurement is discussed in Sect. 6.2.2.2. Similar
to the Si:B epilayer sample, quantitative dopant profiling is demonstrated by means of the
pn junction between the B-doped substrate and the near-substrate P-doped epilayer which
is presented in Sect. 6.2.2.1.

For the KPFM measurements the epilayer samples have been prepared cross-sectionally at
the SGS Institut Fresenius GmbH Dresden. In a first step the Si wafers have been cut to
expose the cross-section. After cleaving, the sample pieces were embedded edgewise in

Figure 3.4: Cross-sectionally prepared Si epilayer sample embedded in epoxy resin with visi-
ble back contact. The cross-sections have been prepared at the SGS Institut Fresenius GmbH
Dresden.
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epoxy resin, which is free of blow holes. Then, the back and front side of the resin barrels
was lapped. The front side was additionally cloth polished using a diamond polish with a
grain size of 0.1 µm, and an aluminum oxide polish with a grain size of 0.04 µm. The cross-
section preparation procedure provides samples with a root mean squared (RMS) surface
roughness of 0.5 nm. In the last preparation step, a large ohmic contact is deposited on
the back side of the resin barrels. In Fig. 3.4 a picture of a cross-sectionally prepared Si
epilayer sample embedded in epoxy resin provided by the SGS Institut Fresenius GmbH
Dresden is shown.

3.1.3 Horizontal silicon nanowires

A new approach to meet the demand of the permanent down-scaling of semiconductor
devices are gate-all-around (GAA) MOSFETs [6–13]. A GAA MOSFET contains a semi-
conducting nanowire (NW) which is surrounded by the gate material as illustrated schemat-
ically by the example of a Si NW in Fig. 3.5.

The basic step on the way towards reproducible and controllable gate-all-around MOSFETs
is the fabrication of NWs with well-defined structure and dopant distribution, as well as
the understanding of their physical properties.
In cooperation with the Research Center Jülich, horizontal Si NWs have been prepared
and investigated by means of KPFM. A comprehensive study regarding fabrication and
physical analysis of the Si nanowire arrays is given in Ref. [113]. The horizontal Si NW
structures have been fabricated using the top-down method. Starting material was a

Figure 3.5: Schematic view of a gate-all-around MOSFET consisting of a Si nanowire (orange)
with a surrounding gate (grey). The volume of the Si nanowire surrounded by the gate electrode
amounts to TSixTSixLG. From Ref. [114]. (Reproduced with permission from IOP Publishing
Ltd.)
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Figure 3.6: Schematic cross-sectional view of the silicon-on-insulator (SOI) structure including
Si pad and horizontal Si nanowires (NWs) contacted for KPFM measurements. Note that the Si
pad and the Si NWs are covered by an approximately 2 nm thick native oxide layer. To short-
circuit the insulating buried oxide layer for KPFM measurements, an Al contact is deposited on
top and connected with the sample back contact by means of silver conductive paint.

silicon-on-insulator (SOI) structure with a sample-specific 88 nm thick Si top layer with
(001)-orientation, and a 145 nm thick SiO2 buried oxide (BOX) layer below. In Fig. 3.6 the
schematic cross-section of the SOI sample structure is shown. The Si substrate is lightly
p-type conducting with an acceptor concentration of 1 × 1015 cm−3. As a consequence of
the preparation process of the SOI structure, the Si top layer features a very low p-type
background doping of less than 1× 1015 cm−3. Note that the Si top layer is covered by a
native oxide layer of approximately 2 nm thickness.
By means of electron-beam lithography (EBL) and reactive ion etching the Si top layer is
patterned in 10 µm wide pad regions and arrays of nanowires with widths ranging from 10
nm to 2 µm. In Fig. 3.7 a schematic top view of the prepared Si pad and the adjacent NW
arrays is illustrated. The Si NWs have an uniform length of 65 µm. The use of EBL and
top-down processing provides several advantages compared to chemical vapour deposition
(CVD) methods, in particular an enhanced control of the location on the sample and
thus controlled alignment [113]. As a consequence, all NWs are very conform in length and
width. In general, lithographically fabricated NWs are more precise and reproducible which
simplifies their integration into a device architecture [113]. However, transmission electron
microscopy (TEM) measurements performed in the Research Center Jülich indicate that
the NWs have a slightly trapezoidal shape with the smaller side on top after processing.
After transferring the structures into the Si top layer, the samples have been implanted. A
photo-resist implantation mask was defined by EBL in order to protect certain segments
of the patterned Si top layer against implantation. For each dopant species, implantation
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Figure 3.7: Schematic top view of the arrays of (a) implanted and (b) unimplanted horizontal Si
nanowires (NWs) of different widths ranging from 10 nm to 2 µm. The implanted Si pad and the
Al contact layer are illustrated schematically. Note that the Si pad and the Si NWs are covered
by an approximately 2 nm thick native oxide layer.

masks have been employed to prepare implanted [Fig. 3.7(a)] and unimplanted [Fig. 3.7(b)]
NWs, respectively. Note that the adjacent 10 µm thick Si pad is always implanted.

The samples are doped by means of ion implantation of As and B at an energy 10 keV and
2.5 keV with a dose of 2× 1015 cm−2 and 1× 1015 cm−2, respectively, and an angle of inci-
dence of 7◦. Implantation conditions were chosen such that a sufficiently thick crystalline
seed layer remained after the implantation in order to obtain full recrystallization of the
implanted Si top layer during annealing [113]. The implantation parameters are summa-
rized in Tab. 3.2. For a first estimation of the dopant distribution in the Si top layer after
implantation, SRIM calculations (Sect. 3.3.2) have been performed. With the implanta-
tion parameters given in Tab. 3.2, the SRIM calculations reveal a Gauss distribution of As
atoms with a maximum concentration of 2 × 1021 cm−3 at a mean implantation depth of
approximately 13 nm [full width half maximum (FWHM) ∼= 9 nm]. For B-implantation a
Gauss distribution of B atoms with a maximum concentration of 5× 1020 cm−3 at a mean
implantation depth of approximately 13 nm (FWHM ∼= 15 nm) is calculated.

After implantation, the photo-resist implantation mask has been removed wet chemically.
Then the samples have been subjected to a rapid thermal annealing (RTA) for 5 sec at
1000 ◦C. Athena simulations including the applied implantation and annealing conditions
have been performed in the Research Center Jülich to obtain information about the dopant
distribution. With the Athena software trajectories of implanted ions can be modeled by
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Table 3.2: Implantation parameters for the preparation of B-doped and As-doped nanowire
arrays. Additionally, the dopant concentration and implantation depth after annealing
obtained from Athena simulations performed in the Research Center Jülich are given.

Implantation Athena simulations

Dopant species Energy Dose Dopant concentration Implantation depth

(kV) (cm−2) (cm−3) (nm)

B 2.5 1× 1015 1× 1020 50

As 10 2× 1015 5× 1020 30

means of Monte Carlo calculations in order to determine the final distribution of stopped
particles [115, p. 201ff]. Additionally, diffusion of implanted ions during thermal treatment
can be calculated by means of user-specifiable models based on the concepts of pair diffusion
and chemical and active concentration values [115, p. 130ff]. A detailed introduction of
the Athena simulation software is given in Ref. [115].
The results of the Athena simulation are listed in Tab. 3.2. It is found that both, the p-
type and the n-type NW samples, feature a box-like dopant distribution with comparable
concentration of activated dopants after implantation and RTA. However, the implantation
depth along z (Fig. 3.6) differs remarkably for As and B implantation. Note that the 88
nm thick Si top layer is implanted only in the near-surface region while deeper regions
remain unimplanted. For B implantation and annealing the simulated acceptor concentra-
tion amounts to approximately 1×1020 cm−3 in the near-surface region of the Si top layer,
i.e. to a depth of approximately 50 nm. Below 50 nm, the acceptor concentration decreases
steadily to approximately 1×1016 cm−3 at the bottom of the Si top layer, i.e. at a depth of
88 nm. After As implantation and annealing the simulated donor concentration amounts
to 5× 1020 cm−3 which is reasonably constant to an implantation depth of approximately
30 nm. Below 30 nm, the As-concentration decreases to 1 × 1014 cm−3 at the bottom of
the Si top layer at a depth of 88 nm.

For the KPFM measurements, the fabricated Si top layer has to be contacted electrically.
On well-defined positions a 200 nm thick Al contact layer has been deposited as metaliza-
tion via a lift-off process on the Si top layer. To short-circuit the insulating BOX layer,
the deposited Al layer has been connected to the sample back contact by means of silver
conductive paint. The deposited Al layer is illustrated schematically in the cross-sectional
view of the SOI structure in Fig. 3.6 and in the top view in Fig. 3.7.

The results of the KPFM measurements on the Si NW samples are presented in Sect. 6.3.
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3.2 Kelvin probe force microscopy setup

3.2.1 Ambient KPFM

The KPFM measurements under ambient conditions presented in this work have been
performed by means of a Level-AFM from Anfatec Instruments AG. The technical details
of the Level-AFM system which is shown in Fig. 3.8 are given in detail in Ref. [116].
The Level-AFM system consists of a base plate made of stone with wiring, a vibration
isolation, a standard AFM body and head, and a high voltage amplifier V45C. The AFM
head holds the cantilever by a spring loaded mechanism. All electronic components for the
laser and the photo diode, the specialized lens and mirror system and the fine mechanics
are integrated in the head. The height resolution is better than 0.2 nm, which enables the
detection of atomic steps and layers. [116]

The schematic experimental setup of the Level-AFM is shown in Fig. 3.9. The Level-
AFM works in an non-destructive dynamic non-contact mode. During the measurement
the oscillating conductive cantilever is scanned by means of a piezo scanning device over
the sample surface. A laser beam is reflected from the cantilever backside and detected
in a position-sensitive photodetector. The oscillation amplitude of the cantilever at its
resonance frequency fr = ωr/(2π) is influenced by short-range van der Waals forces and
is therefore used to control the distance between tip and sample surface. A lock-in am-
plifier analyses the detector signal at the cantilever resonance frequency fr and passes the
determined amplitude value to a feedback control system that re-adjusts the tip-sample
distance. The required displacement of the z-piezo is recorded as topography signal.

The Level-AFM head contains a colour-camera with a direct view onto the cantilever
and an integrated illumination system consisting of two LED lamps (9000 lm white and
18000 lm green) [116]. This enables a precise positioning of the cantilever and by that the
also precise choice of the measurement position. As the conductivity of semiconducting
samples may be increased by illumination due to the photogeneration of charge carriers,
the illumination system is switched off during the KPFM measurements. Additionally, the
whole Level-AFM is operated under an opaque cover. The laser diode produces a red laser
beam with a wavelength of 670 nm and a maximum power of 3 mW. The influence of the
laser light on the semiconducting samples is discussed in Sect. 6.2.1 by the comparison of
1D and 2D KPFM scans on the cross-sectionally prepared Si:B epilayer sample.

For the detection of electrostatic forces a voltage U is applied to the sample backside while
the cantilever is grounded during the KPFM measurements. U is given by

U = Udc + Uace
(2πifact+ϕ0) (1)

with ϕ0=-90◦. As can be seen in Eq. (1) the applied voltage U consists of a dc part Udc

and an ac part Uac which are generated by an active signal mixer [53]. The active mixer
is required to keep the excitation amplitude of the ac-bias constant versus the operation
frequency fac = fref = ωref/(2π). The applied ac-bias Uac is modulated at the operation
frequency fac. This modulation is necessary for the separation of electrical forces from
other forces like van-de-Waals forces.
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Figure 3.8: Level-AFM developed by Anfatec Instruments AG. Adapted from Ref. [117]. (Re-
produced with permission from Anfatec Instruments AG.)

Figure 3.9: Schematic diagram of the experimental setup of the Level-AFM developed by Anfatec
Instruments AG. From Ref. [118]. (Reproduced with permission from Anfatec Instruments AG.)
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By using additional fully digital, integrated lock-in amplifiers (Lock-In 2 and Lock-In 3
in Fig. 3.9), the amplitudes of the 1st and 2nd harmonic of the electrical excitation can
be analysed. The real part of the 1st harmonic of the KPFM signal is detected at the
operation frequency fac and is used as the input signal for the digital Kelvin probe force
feedback. The real part is maximized by using an autophase function. The Kelvin probe
force feedback compensates the electrostatic forces between probe and sample by applying
the appropriate dc-bias to the sample backside recorded as KPFM bias UK . The Level-
AFM is an amplitude-modulated KPFM system (Sect. 2.5).
Topography and all electrical KPFM signals are probed simultaneously in the Level-AFM.
The operation frequency fac during the KPFM measurements is in the range of 5 kHz to
130 kHz and much smaller than the cantilever resonance frequency fr. In this way, the
detected topography and the electrical signals are independent of each other [116].
The amplitude of the non-contact oscillations used to probe the topography amounts to
approximately 10 nm and is determined by the drive amplitude of typically 0.5 V. The
amplitude of the non-contact oscillations used to probe electrostatic forces is nearly three
orders of magnitude smaller than the amplitude of non-contact oscillations used to probe
the topography, and does not exceed 20 pm. The mean probe-sample distance is approxi-
mately 30 nm. [53]
Highly doped Si cantilevers (MikroMasch NSC15/highly doped, k = 46 N/m) have been
applied for the KPFM measurements. These probes are available with n+-type and with
p+-type doping. NSC15/hd-P (n+-type) cantilevers feature a P-concentration of ND =
5× 1019 cm−3, whereas NSC15/hd-B (p+-type) cantilevers contain B with a concentration
of NA = 5× 1019 cm−3. The NSC15/hd cantilevers have a radius of curvature of less than
10 nm. The tip height is in the range of 20 to 25 µm, and the full tip cone angle is less
than 40◦. The resonance frequency fr of the NSC15/hd cantilevers is in the range of 265
kHz to 400 kHz.

3.2.2 Ultrahigh vacuum KPFM

The comparative KPFM measurements in ultrahigh vacuum (UHV) have been carried out
in the Helmholtz-Zentrum Berlin (HZB) in cooperation with PD Dr. Sascha Sadewasser.
In the HZB an Omicron UHV-STM/AFM system is used for KPFM measurements. The
microscope is operated in the regular non-contact detection mode. The cantilever is os-
cillated at its resonance frequency fr and scanned over the sample at a constant distance
of approximately 5 nm by maintaining a certain frequency shift to the free resonance fre-
quency (FM mode, Sect. 2.5). During the KPFM measurements an opaque cover was
mounted around the KPFM vacuum chamber to prevent the photogeneration of charge
carriers. The UHV KPFM measurements have been performed by means of Pt-Ir coated
cantilevers from Nanosensors with a resonance frequency fr of 78 kHz. For the electrical
excitation an ac-bias of 100 mV has been applied, while the operation frequency fac of 491
kHz equals the frequency of the second oscillation mode of the cantilever.
The investigated SRAM sample (Sect. 3.1.1) has been cleaned in an acetone solution
before being mounted on the sample holder in the vacuum chamber. Additionally, before
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performing the KPFM measurement, the SRAM sample has been heated for one hour
at 155◦C. The results of the UHV KPFM measurements are presented and compared to
ambient KPFM results probed across the same SRAM sample in Sect. 6.1.1.4.

3.3 Complementary characterization methods

3.3.1 Secondary ion mass spectrometry

Secondary ion mass spectrometry has been carried out to obtain information about the
dopant distribution in the differently doped regions of the Si epilayer samples (Sect. 3.1.2).
In SIMS, primary ions are directed to the sample for sputtering atoms from the sample
surface. The charge-to-mass ratio of the ionized atoms is measured. The intensity of each
charge-to-mass ratio can be referred to a particular element and charge state. Comparison
of the recorded values to standard data enables the correlation to the atomic concentration.
[119, p. 309f]
The SIMS measurements have been performed at Qimonda Dresden GmbH und Co. OHG.
The technical details are given in Ref. [120]. For detecting the positive or negative sec-
ondary ions formed from the species of interest, Cs+ ions with an impact energy of 15 keV
and O+

2 ions with an impact energy of 10 keV have been used for the primary beam. Cs+

ions result in a negative secondary ion polarity, whereas O+
2 ions cause a positive secondary

ion polarity. The depth resolution is in the range of 1-10 nm. The raster size was about
100 µm2 with an analysed area of approximately 70 µm2.

3.3.2 Stopping and range of ions in matter calculations

SRIM (Stopping and Range of Ions in Matter) is a software package which enables calcu-
lations of the transport of ions in matter. A detailed description is given in Ref. [121].
In this work, SRIM calculations have been applied to estimate the depth of the shallow
implanted n+-type and p+-type regions in the DRAM and the SRAM cell (Sect. 3.1.1),
respectively. Additionally, the dopant distribution after B- and As-implantation in the
NW samples (Sect. 3.1.3) has been simulated by means of SRIM.
To estimate the implantation depth, TRIM (TRansport of Ions in Matter) calculations
which are part of the SRIM software package have been carried out. TRIM is based on the
Monte Carlo method which calculates the slowing down and scattering of energetic ions
in amorphous targets, i.e. with atoms at random locations, as explained in Ref. [122]. In
TRIM a large number of ion trajectories is followed individually while additionally target
atom cascades are taken into account. A single implanted ion is assumed to experience
binary nuclear collisions which result in an energy loss and in a change of the trajectory
direction. Between the nuclear collisions the ion is supposed to suffer an inelastic, i.e.
electronic, energy loss while the direction remains unchanged. As final result, the 3D dis-
tribution of the implanted ions, as well as kinetic phenomena as target damage, sputtering,
and ionization may be determined by means of TRIM [121].
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In this work, ambient KPFM is applied to investigate differently structured, n- and p-doped
Si samples. Furthermore, Si cantilevers are used for the ambient KPFM measurements
(Sect. 3.2). Under ambient conditions formation of a native oxide and water adsorption
on the sample and cantilever surfaces have to be taken into account.

4.1 Native oxide

The formation of a native oxide strongly depends on the surface condition of the semi-
conducting samples which includes starting-materials, the preparation conditions, and the
after-treatment [123]. Material and preparation steps of the investigated Si samples are
described in Sect. 3.1. The influence of the after-treatment is discussed in the following.

After preparation no surface treatment has been carried out on the cross-sectionally pre-
pared Si epilayer samples (Sect. 3.1.2) and on the Si NW samples (Sect. 3.1.3). When
a clean Si surface is exposed to an ambient environment, oxygen from the ambient at-
mosphere breaks the Si-Si bonds and produces Si-O bonds [124]. An SiOx transition layer
forms in which x changes more or less continuously from the value x=0 of Si to the value
x=2 of SiO2 [123]. The native oxide passivates the sensitive Si surface and is inert in
most solutions [125, p. 63]. The growth process of the native Si oxide is self-limited and
continues at longer storage only on a logarithmic time scale [126, p. 360]. In general, a
thickness of about 2 nm is commonly assumed for native oxide layers grown under ambient
conditions [125, p. 93], [31, p. 94].

For reducing the relatively fast growth of the native oxide of up to 2 nm per day [126, p.
359], the clean Si surface may be treated in hydrofluoric (HF) acid solution. Note that
an HF-treatment has been carried out on the conventional DRAM and SRAM cells (Sect.
3.1.1). The HF-treatment leads to an H-termination which passivates the Si surface [125,
p. 63ff]. The oxide growth on HF-treated Si is divided into two different stages. During
the first stage only slow growth of the oxide is observed. After this incubation period
which can take several weeks the growth rate increases significantly until it reaches the
self-limitation regime and grows further on a logarithmic time scale. [125, p. 63ff]

In conclusion, the native oxide is sample-specific and may change in dependence on the
ambient atmosphere. The oxide layer thickness can only be estimated to be about 2 nm
for the investigated samples as well as for the Si cantilevers. The basic influence of the
native oxide on the KPFM measurement is discussed in Sect. 5.2.4.

4.2 Adsorption of water

Also adsorption of water molecules strongly depends on the surface conditions of the semi-
conducting sample. The Si surface can be hydrophilic or hydrophobic [125, p. 70].
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A hydrophilic Si surface is characterized by OH groups whereas a hydrophobic Si surface
is commonly correlated with Si-H, Si-CHx, or Si-F groups. Thus, H-terminated Si surfaces
are hydrophobic, and oxide- or hydroxide-covered Si surfaces are hydrophilic. [125, p. 70]
On hydrophilic Si the reported layer thickness of adsorbed water varies between 3 nm and
30 nm [127, p. 118]. On hydrophobic Si surfaces the adsorption of water is found to be
much weaker and the layer thickness of the adsorbed water is in the order of only a few
monolayers [128].
Note that the Si samples investigated in this work are covered by a native oxide and thus
feature a hydrophilic character. The fundamental steps of water adsorption on a hydrophilic
Si oxide surface are displayed in Fig. 4.1 and explained in detail in Ref. [125, p. 152].
The surface of Si oxide consists of dangling Si and O bonds [Fig. 4.1(a)]. Under medium
room-humidity conditions, the surface hydroxylates and Si-OH groups form [Fig. 4.1(b)].
More water molecules adsorb [Fig. 4.1(c)] and the water layer grows in dependence on the
humidity conditions. If the water layer increases to more than three monolayers, the water
molecules are so-called ”liquid-phase” [128], and have properties which are comparable to
molecules in bulk water [Fig. 4.1(d)]. In this ”liquid-phase” state, water molecules are
permanently and reversibly adsorbed and desorbed [128].
Note that during long storage under ambient conditions the Si surface and thus the char-
acter of water adsorption may change. This is due to an aging of the sample surface, i.e.
a loss of OH groups on hydrophilic surfaces and the appearance of associated OH groups
on hydrophobic surfaces. [129]

In conclusion, similar to the native oxide, the layer thickness of the adsorbed water is
sample-specific and changes in dependence on the ambient atmosphere. This also applies
for the Si cantilevers. Nevertheless, the influence of the adsorbed water on the KPFM
measurement can be qualitatively evaluated which is discussed in Sect. 5.2.4.
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Figure 4.1: Schematic diagram showing the stepwise adsorption of water on a freshly cleaved
quartz (Si oxide) surface. The (a) bare surface is (b) hydroxylated in a first step. (c) Water
molecules bond directly to the Si-OH surface groups. (d) After increasing to more than three
monolayers of adsorbed water, the water film shows properties like bulk water. Adapted from
Ref. [125, p. 152].
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For quantitative dopant profiling in semiconductors the measured KPFM bias has to be
evaluated with a proper physical model. In the traditional KPFM model which is discussed
in Sect. 5.1 the probed KPFM bias is correlated with the contact potential difference (CPD)
between the probe and the sample. In this work it is demonstrated that the CPD model
is not suitable to describe the probed KPFM bias. A new KPFM model is developed
which enables the quantitative correlation between the probed KPFM bias and the dopant
concentration in the investigated semiconducting sample. In Sect. 5.2 it is discussed how
KPFM allows the investigation of the bulk dopant concentration in semiconductors via
probing the electrostatic forces from the formed surface space charge region.

5.1 Traditional KPFM model: Contact potential difference

When introducing the KPFM technique in 1991, Nonnenmacher et al. [36] interpreted the
measured KPFM bias as the contact potential difference UCPD between the sample and
the probe. According to this, the KPFM bias UK probed at a measurement position is
supposed to reflect the local work function difference between the sample φ(sample) and
the probe φ(probe). This basic relation of the CPD model is given in Eq. (2).

e · UK = e · UCPD = φ(sample)− φ(probe) (2)

The work function φ(sample) and φ(probe) is defined as energy difference between the va-
cuum level Evac and the respective Fermi level EF of the sample and the probe [130, p. 15].

The CPD model is illustrated schematically in Fig. 5.1 by the example of a KPFM mea-
surement across a semiconductor pn junction with a highly doped KPFM cantilever made
of the same semiconducting material. In Fig. 5.1(a) an n+-type conductive KPFM probe is
assumed. First, the probe is positioned above the p-type region of the semiconducting sam-
ple. In the energy band diagram the work function of the p-type sample region [φ(p-type)]
and the work function of the n+-type probe [φ(n+-probe)] are illustrated as green arrows.
The corresponding contact potential difference [CPD(p,n+-probe)], i.e. the difference of
both work functions, is displayed as blue arrow. In the course of the KPFM scan the probe
is positioned next above the n-type region of the semiconducting sample. Again the differ-
ence between the work functions (green arrows) of the n-type sample region [φ(n-type)] and
the n+-type probe [φ(n+-probe)] equals the contact potential difference [CPD(n,n+-probe)]
which is illustrated as blue arrow.

Similar to the preceding discussion of an n+-type probe, the CPD model for a p+-type
KPFM probe is illustrated in Fig. 5.1(b). The resulting CPD values [CPD(p,p+-probe)]
and [CPD(n,p+-probe)] are imaged as blue arrows.

Some important conclusions about the CPD model can be drawn when comparing the
n+-type and p+-type conductive cantilever. In general, the CPD values are dependent
on the cantilever potential. When using an n+-type cantilever [Fig. 5.1(a)] a large CPD
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Figure 5.1: Schematic illustration of the contact potential difference (CPD) model for inter-
pretation of the KPFM bias. A pn junction is probed with (a) an n+-type and (b) a p+-type
conductive KPFM probe. The work functions of the p-type [φ(p-type)] and the n-type [φ(n-type)]
sample region as well as the work function of the respective conductive probe [φ(n+-probe)] and
[φ(p+-probe)] are imaged as green arrows in the energy band diagrams. The resulting CPD,
i.e. the local work function difference between the sample region and the probe, is illustrated as
blue arrow, respectively. Note that the CPD has a positive sign when probing with an n+-type
cantilever, i.e. [CPD(p,n+-probe)]>0 and [CPD(n,n+-probe)]>0. When probing with a p+-type
cantilever the CPD has a negative sign, i.e. [CPD(p,p+-probe)]<0 and [CPD(n,p+-probe)]<0.

is expected for the p-type sample region while a small CPD is calculated for the n-type
sample region. With a p+-type cantilever [Fig. 5.1(b)] it is the other way around. A small
CPD is expected for the p-type sample region and a large CPD is calculated for the n-type
sample region. Additionally, the sign of the CPD values differs when probing with a p+-
type cantilever compared to the n+-type cantilever. This aspect is illustrated in Fig. 5.2.
With respect to zero on the KPFM bias scale positive values are expected to be probed
with the n+-type cantilever. When probing with the p+-type cantilever the CPD values
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Figure 5.2: Contact potential difference (CPD) values across a pn junction in dependence on
the cantilever type. Positive CPD values are expected when probing with an n+-type cantilever.
When probing with a p+-type cantilever the CPD values are negative. Only the absolute value
of the lateral variation of the contact potential difference ∆CPD(p,n) across the pn junction is
independent of the applied cantilever type and equals the built-in potential.

are negative. This cantilever dependence is a unique property of the CPD model. Only
the absolute value of the lateral variation of the contact potential difference ∆CPD(p,n)
across the pn junction is independent of the applied cantilever type and equals the built-in
potential [47], i.e. the Fermi energy difference between the p-type and the n-type sample
region.

Since the introduction of the CPD model in 1991 [36], there have been many attempts to
correlate the KPFM bias probed on semiconductors with the calculated CPD. It was shown
by N. Duhayon et al. that a reasonably good agreement between measured and calculated
lateral variation is observed for semiconducting samples with only one type of majority
charge carriers as for example p-type or n-type staircase samples [44]. However, for samples
containing pn junctions commonly an obvious discrepancy between the measured KPFM
bias and the calculated CPD variation is observed. Respective results are given for example
in Refs. [45, 47, 131]. The discrepancy usually is ascribed to the surface conditions of the
investigated sample, in particular to surface states [45, 47, 131].

The partial failure of the CPD model indicates that this traditional model is not suitable
to describe the KPFM bias measured on locally doped semiconductors. In the following, a
physical model is developed which combines the physical properties of the semiconductor
surface and bulk with the unique measurement principle of KPFM and thus enables the
quantitative interpretation of the KPFM bias.
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5.2 New KPFM model: Charge carrier accumulation

For a quantitative interpretation of the KPFM bias the origin of the electrostatic forces
acting onto the cantilever has to be understood. Knowledge about the semiconductor
surface comprising surface states and surface space charge regions, as well as about the
compensation of the detected electrostatic forces during the KPFM measurement is essen-
tial. With respect to the samples investigated in this work these aspects are discussed in
the following for Si.

5.2.1 Surface space charge region

5.2.1.1 Surface states

On a clean semiconductor surface localized electronic energy levels, i.e. surface states,
occur due to termination of the periodic potential, to dangling bonds as well as to lattice
defects. These localized electronic energy levels are commonly referred to as intrinsic sur-
face states. On semiconductor surfaces under ambient conditions where chemical processes
like oxidation and adsorption take place, intrinsic surface states are usually extinguished.
However, formation of an oxide layer as well as adsorption of foreign atoms or molecules
introduce additional localized states which are commonly referred to as extrinsic surface
states. [132, p. 141f]

With respect to the defect nature and energetic distribution several types of surface states
can be distinguished. In the following, thermally grown Si/SiO2 is discussed which is an
intensively studied structure and is regarded as well understood [133]. In Fig. 5.3 the
energetic distribution of intrinsic and extrinsic surface states at the interface of thermally
grown SiO2 on Si is illustrated. The distribution of intrinsic surface states [Fig. 5.3(a)] can
be divided into two groups. States occur near the band edges (UT ) due to strained Si-Si
bonds, while intrinsic Si back-bonded dangling bond defects cause states symmetrically
distributed around a minimum near midgap (UM). Extrinsic surface states at the Si/SiO2

interface [Fig. 5.3(b)] are correlated to Si atoms of lower state of oxidation, i.e. Si+1 and
Si+2. The corresponding defect groups PL and PH form two Gaussian distributions. In
general, surface states of the groups UT , UM , PL and PH are re-chargeable. [133]

Figure 5.3: Energetic distribution of (a) intrinsic (UT , UM ) and (b) extrinsic (PL, PH) surface
states at the interface of thermally grown SiO2 on Si. Adapted from [133].
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Figure 5.4: A semiconductor surface containing both acceptor-like and donor-like surface states
can be described by an equivalent distribution with a neutral energy level E0. Above E0 the
surface states are acceptor-like while below E0 the surface states are donor-like. The surface net
charge is + (-) when the Fermi energy EF is below (above) E0. From [87, p. 214]. (Courtesy of
Wiley & Sons, Inc.).

In a simple model surface states are assumed to be either acceptor-like or donor-like.
Complex multiple charged centers which also occur at semiconductor surfaces are normally
neglected in the discussion of surface states [134, p. 167]. As explained in Ref. [87, p.
214] and schematically illustrated in Fig. 5.4 an acceptor-like surface state is neutral when
empty and becomes negatively charged by accepting an electron. A donor-like surface state
is neutral when full and becomes positively charged by donating an electron.
Each surface state can be either empty or occupied by an electron [134, p. 165]. In gen-
eral, both types of surface states are in their most negative condition when below the
Fermi level, and in their most positive condition when above the Fermi level [135]. Thus,
acceptor-like surface states above the Fermi level as well as donor-like surface states below
the Fermi level give no contribution to the surface net charge [136, p. 135]. The semicon-
ductor surface which is commonly supposed to have both types of surface states can then
be described by means of an equivalent distribution with a neutral energy level E0 [87, p.
214]. Above E0 surface states are treated as acceptor-like while below E0 surface states
are regarded as donor-like (Fig. 5.4). Thus, when the Fermi level is below (above) E0 the
surface net charge is + (-).

The position of the neutral energy level E0 in the Si bandgap is discussed controversely
in literature [137]. However, E. H. Nicollian [137] demonstrated by means of electron
paramagnetic resonance measurements on radiation-induced interface traps at the Si/SiO2

interface that the neutral energy level E0 in Si is located in good approximation at the
midgap level Emg. In Eq. (3) the definition of the midgap level with respect to the
conduction band minimum EC and the valence band maximum EV is given.

Emg =
EC + EV

2
(3)
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In literature the neutral energy level E0 in Si is also commonly correlated to the intrinsic
Fermi level Ei [138]. The intrinsic Fermi level Ei is defined as

Ei =
EC + EV

2
+
kBT

2
ln

(
NV

NC

)
. (4)

As can be seen the second term in Eq. (4) depends on the edge density of states in the
conduction band NC and valence band NV . A detailed discussion of NC and NV is given
Sect. 5.2.3 where the calculation of the Fermi energy is explained. The second term in Eq.
(4) additionally is a function of the thermal energy kBT , i.e. the product of the Boltzmann
constant kB and the temperature T. At room temperature the second summand in Eq. (4)
is much smaller than the bandgap and the intrinsic Fermi level is very close to the midgap
level [105, p. 36]. Therefore, it is a common and reasonable assumption to set the intrinsic
level Ei equal to the midgap level Emg [139, p. 15],[140, p. 32].

It can be concluded that in Si at room temperature E0 ≈ Emg ≈ Ei. As a direct conse-
quence surface states in Si can be treated as donor-like below Ei, i.e. in p-type Si, and as
acceptor-like above Ei, i.e. in n-type Si.

5.2.1.2 Charge balance

The semiconducting samples investigated in this work are covered by a thin native oxide
(Sect. 4). For a sufficiently thin oxide layer the same potential can be assumed as for
the semiconductor surface [141]. In this case, the sample surface can be treated as a free
semiconductor surface where the potential and carrier densities are not determined by the
external environment of the sample. A comprehensive analytical discussion of the free
semiconductor surface can be found in Ref. [141] and is summarized in the following. Note
that free semiconductor surfaces can not be treated like metal-semiconductor junctions
[141].

At a free semiconductor surface the occupancy of surface states is strongly correlated to
interactions with free charge carriers in the semiconductor bulk. Free charge carriers from
the semiconductor bulk occupy surface states. The same number of unscreened ionized
immobile dopant atoms remain in the bulk forming a depletion region and generating
an electric field which acts against the process of surface state occupation. This surface
electric field shows in form of a surface band bending. At equilibrium, both counteracting
processes are balanced and a space charge region is formed. Due to its location at the
semiconductor surface, it is commonly referred to as surface space charge region.

The charge balance between surface state charge and surface electric field is the only con-
straining condition at a free semiconductor surface and determines the position of the
surface Fermi energy, i.e. the Fermi level pinning at the semiconductor surface [141]. The
final surface Fermi level is determined by the condition that the charge of the depletion
region just balances the charge of the surface states [136, p. 135ff].
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Figure 5.5: Schematic cross-sectional illustration of the surface space charge region formed in n-
type and p-type Si at equilibrium. (a) In n-type Si electrons are trapped in acceptor-like surface
states while the same number of positively charged ionized immobile donor atoms remains in the
Si surface region. The electron depletion region is correlated with an upward band bending with
respect to the bulk at the Si/Si oxide interface. (b) In p-type Si holes are trapped in donor-like
surface states while the same number of negatively charged ionized immobile acceptor atoms
remains in the Si surface region. The hole depletion region is correlated with a downward band
bending with respect to the bulk at the Si/Si oxide interface. The width of the formed depletion
region is given by the depletion length zdepl [Eq. (5)]. Depletion is defined by the condition
ψb>ψs>0 [105, p. 173ff] with the respective bulk potential ψb and surface potential ψs.

In Fig. 5.5 the surface space charge region in n-type and p-type Si at equilibrium is il-
lustrated schematically. In n-type Si electrons from the bulk are trapped in acceptor-like
surface states [Fig. 5.5(a)]. The resulting surface net charge is negative. The same number
of positively charged ionized immobile dopant atoms remains in the Si surface region. The
thus formed electron depletion region is correlated with an upward surface band bending
with respect to the bulk as illustrated in the band diagram in the lower part of Fig. 5.5(a).
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In p-type Si holes are trapped in donor-like surface states resulting in a positive surface
net charge [Fig. 5.5(b)]. In the Si surface region the same number of negatively charged
ionized immobile dopant atoms remains. The formation of this hole depletion region is
correlated with a downward surface band bending with respect to the bulk which is shown
in the lower part of Fig. 5.5(b).

The width of the formed depletion region is given by the depletion length zdepl [105, p.
173ff] which is illustrated schematically in Fig. 5.5. Depletion is defined by the condition
ψb>ψs>0 [105, p. 173ff] with the bulk potential ψb and the surface potential ψs. The
upper limit of the depletion length zdepl can thus be estimated by means of the condition
ψs
∼=ψb, and is then given by

zdepl =

√
2ε0εrψs

eN
∼=

√
2ε0εrψb

eN
(5)

with the static dielectric constant ε0, the permittivity εr, the elementary charge e and the
impurity concentration N in the doped semiconductor [105, p. 173ff]. The bulk potential
ψb is defined by the position of the bulk Fermi level EF with respect to the bulk intrinsic
Fermi level Ei. The calculation of the Fermi energy is explained in Sect. 5.2.3.

With respect to the position of the conductive cantilever above the sample, the charge
distribution in the surface space charge region is asymmetric. Therefore, in the following
discussion of the KPFM measurement principle the surface space charge region is also
referred to as vertical asymmetric electric dipole. Due to the vertical asymmetric electric
dipole an electrostatic force acts onto the conductive cantilever. This electrostatic force
Fel increases with increasing size-asymmetry of the electric dipole and changes its direction
above n-type and p-type regions. The latter is due to the inverse electrical structure of the
vertical asymmetric electric dipole (Fig. 5.5). In n-type Si, the lines of the electrostatic
force acting onto the cantilever direct perpendicularly into the sample surface due to the
negative surface net charge. In p-type Si, the surface net charge is positive and the lines
of the electrostatic force direct perpendicularly away from the sample surface.

Note that the formation of such a surface space charge region and the resulting electrostatic
forces acting onto the cantilever are essential for successful KPFM measurements on semi-
conductors. Due to intrinsic surface states on clean semiconductor surfaces and additional
extrinsic surface states due to oxidation and adsorption of foreign atoms under ambient
atmosphere, always a surface space charge regions forms on semiconductor surfaces. The
shape of the surface space charge region and thus the electrostatic forces primarily depend
on the material-specific surface state distribution and on the resulting surface net charge,
i.e. on the position of the neutral energy level E0. Therefore, the formation and properties
of the surface space charge region have to be clarified for every semiconducting material
for a correct understanding of the electrostatic forces and their compensation during the
KPFM measurement.
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5.2.2 Definition of the KPFM bias

5.2.2.1 Compensation of the electrostatic forces

During KPFM measurements the electrostatic forces acting onto the cantilever are mini-
mized by applying the appropriate KPFM bias. As explained in the preceding Sect. 5.2.1
in semiconductors the surface space charge region causes the detected electrostatic forces.
This vertical asymmetric electric dipole has to be removed in order to minimize the elec-
trostatic forces.

In the following, the removal of the asymmetric electric dipole is discussed by the example
of Si. In Fig. 5.6 the surface region of doped Si during a KPFM measurement is illustrated
schematically. The thin native Si oxide is imaged as grey-blue atomic layer. The left part
of Fig. 5.6 shows the vertical asymmetric electric dipole formed at the Si surface where
majority charge carriers occupy surface states (animated in red) while the same number
of unscreened ionized immobile dopant atoms (animated in dark-blue) remain in the Si
surface region. Removal of the vertical asymmetric electric dipole is achieved by injection
of majority charge carriers into the surface region of the semiconducting sample (Fig. 5.6,
center). The injected majority charge carriers (animated in orange) screen the unscreened
ionized immobile dopant atoms. In this way the surface electric field is removed (Sect.
5.2.1.2). The constraining condition of charge balance at the free semiconductor surface
[141] is only fulfilled when the surface state charge nullifies simultaneously. The surface
state charge is nullified when all donor-like surface states become neutral, i.e. full, and all
acceptor-like surface states become neutral, i.e. empty. Finally, the surface space charge
region, i.e. the vertical asymmetric electric dipole, is removed. The electrostatic forces Fel

are minimized and the cantilever returns to its normal position (Fig. 5.6, right part).

In conclusion, the surface space charge region and thus the band bending shown in Fig.
5.5 is removed during the KPFM measurement by screening the unscreened ionized immo-
bile dopant atoms with injected majority charge carriers which results in a simultaneous
change of the surface state occupancy, i.e. a nullified surface state charge. This compen-
sation procedure is part of the concept of weak Fermi level pinning where any change of
the depletion region charge, i.e. of the unscreened ionized immobile dopant atoms, alters
the position of the surface Fermi level [141].

For screening the unscreened ionized immobile dopant atoms in the surface space charge
region (Fig. 5.6) majority charge carrier have to be accumulated at the Si surface. This
process is also referred to as injection of majority charge carriers into the surface region in
this work. Accumulation of electrons in n-type semiconductors is achieved by applying a
dc-bias of [EC − EF (n)] /e [87, p. 199f]. In p-type semiconductors holes are accumulated
in the surface region when a dc-bias of [EV − EF (p)] /e is applied [87, p. 199f]. As a direct
consequence, the KPFM bias UK probed across doped Si is correlated with the energy
difference between Fermi level and respective band edge. This relation is illustrated in
Eqs. (6) and (7) for n-type and p-type Si, respectively.
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Figure 5.6: Schematic illustration of a KPFM measurement on doped Si. The thin native Si oxide
is imaged as grey-blue atomic layer. Majority charge carriers occupy surface states at the Si/Si
oxide interface (animated in red) while the same number of unscreened ionized immobile dopant
atoms (animated in dark-blue) remain in the Si surface region. Left: The vertical asymmetric
electric dipole causes a deflection of the probing cantilever. Center: By applying the appropriate
KPFM bias mobile majority charge carriers are injected into the Si surface region (animated in
orange) and screen the unscreened ionized immobile dopant atoms. Right: Finally, the vertical
asymmetric electric dipole is removed. The electrostatic forces are minimized and the cantilever
moves back to its normal position. (Picture and permission from Sander Münster, 3DKosmos.de).

e · UK(n) = EC − EF (n) (6)

e · UK(p) = EV − EF (p) (7)

In Fig. 5.7 the KPFM bias is illustrated in dependence on the position of the Fermi level
EF with respect to the intrinsic Fermi level Ei which is set to zero. In p-type Si, i.e. in the
range between the valence band maximum EV and the intrinsic Fermi level Ei, negative
KPFM bias values are expected. In n-type Si, i.e. in the range between the intrinsic Fermi
level Ei and the conduction band minimum EC , the KPFM bias is expected to be positive.
The absolute values of energy differences [EC − EF (n)] /e and [EV − EF (p)] /e are largest
for intrinsic semiconductors and decrease with increasing dopant concentration. Note that
due to the unique measurement principle, the measured KPFM bias is not continuous
within the semiconductor bandgap but exhibits a jump at Ei.
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Figure 5.7: Schematic diagram of the probed KPFM bias in dependence on the position of the
Fermi level EF which is related to the doping level. Negative values are expected for p-type Si, i.e.
in the range between the valence band maximum EV and the intrinsic Fermi level Ei. In n-type
Si, i.e. in the range between the intrinsic Fermi level Ei and the conduction band minimum EC ,
the KPFM bias is positive. Due to the measurement principle, the KPFM bias is not continuous
but features a jump at Ei.

From Eqs. (6) and (7) it follows that the KPFM bias decreases with increasing concen-
tration of donor or acceptor ions. This reveals an important limitation of the KPFM
measurement technique regarding p++n++ junctions. With increasing dopant concentra-
tion on the p-side and n-side of a pn junction, the energy differences [EV − EF (p)] and
[EC − EF (n)] decrease until the lateral KPFM bias variation probed across the p++n++

junction approaches zero. For degenerate semiconductors where the Fermi level is located
in the conduction band or in the valence band, the KPFM bias is correlated with the energy
difference [EC − EF (n)] = 0 meV in n-type and [EV − EF (p)] = 0 meV in p-type regions,
respectively, representing the limit of the detectable KPFM bias. Thus, no significant lat-
eral KPFM bias variation is expected to be probed across a p++n++ junction. The same
result is expected for KPFM measurements on metals where the Fermi energy is located
in the conduction band. This expectation is in good agreement with results reported for
example by Nonnenmacher et al. who found only a very small lateral KPFM bias variation
when investigating palladium on gold [36, 37] or platinum on gold [36].

From the introduced new definition it can be deduced that the measured KPFM bias is
independent of the cantilever potential. Note that this cantilever potential independence is
in strong contrast to the CPD model where a KPFM bias with different sign and absolute
value is expected to be probed with different cantilever types above the same doped region
(Sect. 5.1). This important feature of the new KPFM model is verified in this work by
means of KPFM measurements performed with different types of cantilevers on the cross-
sectionally prepared Si:B epilayer sample (Sect. 3.1.2). The corresponding results are
presented in Sect. 6.2.1.2.
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5.2.2.2 Reclassification of CPD model results

As explained in Sect. 5.1, for semiconducting samples with only one type of majority charge
carriers as for example p-type or n-type staircase samples a reasonably good agreement
between probed lateral KPFM bias and calculated CPD variation is observed [44]. When
probing pn junctions a discrepancy between measured KPFM bias and CPD calculation
occurs [45, 47, 131]. This partial success and failure of the traditional CPD model can
be explained completely within the new KPFM model. In the following, a KPFM mea-
surement performed with an n+-type cantilever is discussed. KPFM measurements with
a p+-type cantilever or other conductive KPFM cantilevers can be discussed in analogue
way.

First, the example of a semiconducting sample with only one type of majority charge
carriers is discussed. Without loss of generality an n-type staircase with the dopant con-
centrations n1 > n2 is assumed. In Fig. 5.8(a) the expected energy differences within
the energy band diagram across the staircase are illustrated for both the traditional CPD
model and the new KPFM model. It can be deduced from Fig. 5.8(a) that the lateral vari-
ation of the contact potential difference ∆CPD(n2, n1) equals the Fermi energy difference
between both n-type regions. This relation is shown in Eq. (8).

∆CPD(n2, n1) = CPD(n2, n
+-probe)− CPD(n1, n

+-probe) = |EF (n2)− EF (n1)| (8)

Figure 5.8: Comparison between the traditional CPD model and the new KPFM model by the
example of (a) an n-type staircase with the dopant concentrations n1 > n2 and (b) a pn junction
probed by means of an n+-type cantilever. The CPD values are illustrated as blue arrows in the
band diagram, while the values predicted from the new KPFM model are imaged as red arrows.
Additionally, the respective Fermi energy is marked by means of green arrows.
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As can be seen in Fig. 5.8(a) also the lateral variation e∆UK(n2, n1) predicted from the
new KPFM model equals the Fermi energy difference between both n-type regions. In Eq.
(9) the related definition is illustrated.

e ·∆UK(n2, n1) = e · UK(n2)− e · UK(n1) = |EF (n2)− EF (n1)| (9)

In conclusion, for a semiconducting sample with only one type of majority charge carriers
both KPFM models predict the same correct lateral variation. This explains the good
agreement between probed KPFM bias and calculated CPD for the staircase calibration
sample observed by N. Duhayon et al. [44].

Now, both KPFM models are compared for a pn junction. The corresponding energy band
diagram is illustrated schematically in Fig. 5.8(b). The lateral variation ∆CPD(p, n)
predicted from the traditional model equals the Fermi energy difference between the n-
type and the p-type region, i.e. the built-in potential Vbi [Eq. (10)].

∆CPD(p, n) = CPD(p, n+-probe)− CPD(n, n+-probe) = |EF (p)|+ EF (n) = Vbi (10)

From Fig. 5.8(b) it is obvious that the new KPFM model predicts a variation e∆UK(p, n)
which amounts to the difference between bandgap energy Eg and the built-in potential of
the pn junction [Eq. (11)].

e ·∆UK(p, n) = |e · UK(p)|+ e · UK(n) = Eg − 〈|EF (p)|+ EF (n)〉 = Eg − Vbi (11)

It can be concluded that the traditional CPD model and the new KPFM model predict a
different lateral bias variation for pn junctions. The correlation between the CPD model
and the new KPFM model is defined in Eq. (12).

Eg = e ·∆UK(p, n) + ∆CPD(p, n) (12)

The new KPFM model is now applied to KPFM bias data reported in literature. In Tab.
5.1 the KPFM bias variations and the calculated CPD variations from measurements across
Si pn junctions are summarized for each reference. As can be seen the measured KPFM
bias variation ∆UK(p, n) differs from the calculated CPD variation ∆CPD(p, n). This
discrepancy can be explained satisfyingly within the new KPFM model by applying Eq.
(12). As can be seen in Tab. 5.1, the sum of e · ∆UK(p, n) and ∆CPD(p, n) for KPFM
measurements at room temperature is in the order of the Si band gap energy of 1.124 eV
at room temperature [106, p. 155] as expected from Eq. (12).
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Table 5.1: KPFM bias and CPD model values of measurements across Si pn junctions as reported
in literature. For each reference the measured lateral KPFM bias variation ∆UK(p, n) is compared
to the calculated CPD variation ∆CPD(p, n). As expected from Eq. (12) of the new KPFM
model, the sum of e ·UK(p, n) and ∆CPD(p, n) is in the order of the Si band gap energy of 1.124
eV at room temperature (value taken from Ref. [106, p. 155]).

KPFM measurement: CPD model: Sum:

∆UK(p, n) (V) ∆CPD(p, n) (eV) [e ·∆UK(p, n) + ∆CPD(p, n)] (eV)

Ref. [45] ∼= 0.30 ∼= 0.80 ∼= 1.10

Ref. [47] ∼= 0.23 ∼= 0.80 ∼= 1.03

Ref. [131] ∼= 0.30 ∼= 0.80 ∼= 1.10

In conclusion, only the new KPFM model allows the correct interpretation of the KPFM
bias probed on samples with two types of majority charge carriers, i.e. on samples contain-
ing pn junctions. The partial success of the traditional CPD model above semiconducting
samples with only one type of majority charge carriers is an artefact which is caused by an
accidental partial agreement between both models. The failure of the CPD model shows in
particular when probing pn junctions where only the new KPFM model provides a correct
prediction. Therefore, in order to verify the new KPFM model, primarily pn junctions are
investigated in this work.

5.2.3 Calculation of the Fermi energy

The Fermi energy EF required for solving Eqs. (6) and (7) is calculated iteratively in
dependence on the doping level. If not declared otherwise, the following equations and
relations are taken from [106, pp. 149-170].

For a determination of the Fermi level position, the general charge neutrality condition for
semiconductors with donor and acceptor impurities given in Eq. (13) has to be solved.

p+N+
D = n+N−

A (13)

N+
D and N−

A is the concentration of ionized donors and acceptors, respectively. The electron
density in the conduction band n and the hole density in the valence band p are given by
the following integrals

n =

∫ ∞

EC

De(E)fe(E)dE, (14)

p =

∫ EV

−∞
Dh(E)fh(E)dE. (15)
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The distribution function for electrons fe and holes fh, namely the Fermi-Dirac distribution,
is defined by

fe(E) =
1

exp
(

E−EF

kBT

)
+ 1

, (16)

fh(E) =
1

exp
(
−E−EF

kBT

)
+ 1

. (17)

The density of states in the conduction band De and in the valence band Dh are

De(E) =
1

2π2

(
2me

~2

)3/2

(E − EC)1/2, (18)

Dh(E) =
1

2π2

(
2mh

~2

)3/2

(EV − E)1/2, (19)

with the effective mass of electrons me and holes mh at the assumption of parabolic band
edges.

The integrals in Eqs. (14) and (15) are solved by applying the Fermi integral Fn which is
defined as

Fn(x) =
2√
π

∫ ∞

0

yn

1 + exp(y − x)
dy (20)

with the restriction of n > −1. Fn(x) is calculated by means of rational Chebyshev
approximations after Cody and Thacher [142]. For bulk materials n = 1/2 holds true.
Then the free-carrier concentrations are given by

n = NCF1/2

(
EF − EC

kBT

)
, (21)

p = NV F1/2

(
−EF − EV

kBT

)
. (22)

The edge density of states in the conduction band NC and in the valence band NV are
defined as

NC = 2

(
mekBT

2π~2

)3/2

, (23)

NV = 2

(
mhkBT

2π~2

)3/2

. (24)

Values for NC and NV in Si are listed in Tab. 5.2.



5.2 New KPFM model: Charge carrier accumulation 47

Table 5.2: Conduction band edge density of states NC , valence band edge density of states NV ,
and bandgap energy Eg in Si at 300 K. Values taken from Ref. [106, p. 155].

NC (cm−3) NV (cm−3) Eg (eV)

7.28×1019 1.05×1019 1.124

At sufficiently low temperatures and without photogenerated charge carriers intrinsic con-
duction can be neglected. In this case, no carriers in the conduction band stem from
the valence band and vice versa. Thus, the number of electrons in the conduction band
equals the number of ionized donors in n-type semiconductors, and the number of holes in
the valence band equals the number of ionized acceptors in p-type semiconductors. The
concentration of ionized donors N+

D and acceptors N−
A is then given by

N+
D =

ND

1 + ĝDexp
(

EF−ED

kBT

) , (25)

N−
A =

NA

1 + ĝAexp
(
−EF−EA

kBT

) . (26)

ED and EA are the donor and acceptor binding energies which are defined with respect
to the conduction band edge EC and the valence band edge EV , respectively. Values of
(EA − EV ) and (EC − ED) for the investigated dopants in Si are listed in Tab. 5.3.
ĝD and ĝA is the degeneracy factor of donor and acceptor states, respectively. For donors
the neutral state is degenerate since the electron of a singly charged donor can take the
spin up and down state. For acceptors the charged state is degenerate. Thus, ĝD = 2 [106,
p. 160] and ĝA = 1/2 [106, p. 166] have been applied for the calculation.

For the calculation and plot of the Fermi energy EF , the position of the Fermi level of the
intrinsic (N+

D = N−
A = 0) semiconductor Ei [Eq. (4)] is set to zero on energy scale. With

respect to the intrinsic level Ei the Fermi level is thus defined as EF (n) >0 and EF (p) <0
in n-type and p-type semiconductors, respectively.

Table 5.3: Acceptor binding energy (EA − EV ) and donor binding energy (EC − ED) of the
investigated dopant atoms on substitutional sites in Si. Values taken from Ref. [106, p. 157].

Si:B Si:P Si:As

[EA − EV ] (eV) [EC − ED] (eV) [EC − ED] (eV)

0.045 0.045 0.054
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Figure 5.9: Fermi energy EF for B and P dopants in Si calculated for 300 K and plotted in
dependence on the dopant concentration. The intrinsic Fermi level Ei calculated with Eq. (4)
is set to zero. The related positions of the conduction band edge EC and valence band edge EV

are illustrated by means of dashed lines. It is assumed that EC and EV do not depend on the
dopant concentration.

The KPFM bias data presented in this work are recorded under ambient conditions at
room temperature. Therefore, the Fermi energy is calculated for 300 K. As an example, in
Fig. 5.9 the Fermi energy EF calculated for B and P dopants in Si is plotted in dependence
on the dopant concentration. The intrinsic Fermi level Ei which is calculated with Eq. (4)
and the related positions of the conduction band edge EC and valence band edge EV are
illustrated by means of dashed lines. Note that it is assumed that EC and EV do not
depend on the dopant concentration.

In the following discussion and calculations the intrinsic Fermi level Ei is set equal to the
midgap level Emg [Eq. (3)] which is a common and reasonable approximation [139, p.
15],[140, p. 32].

5.2.4 Potential shielding and KPFM bias offset

The applied Level-AFM from Anfatec Instruments works under ambient conditions. As
explained in Sect. 4 the surface of the investigated semiconducting samples and of the
highly doped Si cantilevers is oxidized. Additionally, a thin water film due to adsorption
of water molecules on all surfaces has to be taken into account.
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At the oxidized Si surface fixed charges, for example ionized Si+3 dangling-bond defects
at the Si/Si oxide interface [133] and oxide trapped charges distributed within the oxide
layer [87, p. 213], may occur. For the semiconducting samples investigated in this work
these fixed charges can be assumed to be homogeneously distributed on the sample sur-
face because of the homogeneous surface treatment (Sect. 3.1). Also the properties of the
cantilever oxide layer are expected to be homogeneous and constant during the KPFM
measurement because of the non-destructive non-contact measurement principle. In gen-
eral, those fixed charges can not be neutralized by means of discharging and have to be
screened against the probing cantilever by additional accumulation of charge carriers at
the Si/Si oxide interface. Only then, all electrostatic forces acting onto the cantilever are
minimized. This leads to a sample-specific constant contribution to the probed KPFM
bias values which is referred to as offset voltage Uoff and which does not depend on the
dopant concentration.

Also the thin water film on the sample and cantilever surfaces may cause a constant offset
voltage. Due to the applied ac-bias Uac of 6 V and the operation frequency fac in the
kHz range, the electric dipoles in the liquid-phase thin water film on the surface align
with respect to the operation frequency. This alignment creates an additional electric
dipole moment at the semiconductor surface which results in a constant contribution to
the probed KPFM bias values.
Note that in contact-mode SPM techniques the water films on the sample surface and on
the cantilever may touch. A liquid bridge between tip and sample is formed and capillary
forces may attract the tip and drag it to the surface until they touch [143, p. 87]. This
might influence the detected forces as was for example shown by Lányi et al. for SCM
measurements [144]. In Ref. [144] the influence of the water bridge on the tip-to-surface
capacitance is modeled and it is explained how the resolution and the contrast of SCM
changes in dependence of the condensation of humidity.
KPFM is a non-contact SPM technique. The mean probe-sample distance amounts to ap-
proximately 30 nm, while the amplitude of the non-contact oscillation during the KPFM
measurement amounts to only about 10 nm (Sect. 3.2). Thus, the distance between sample
surface and probing cantilever is expected to be large enough to prevent touching water
films.

A great advantage of the KPFM measurement principle is that as long as the original
vertical asymmetric electric dipole of the surface space charge region is detected against
potential shielding effects from the oxide layer or the thin water film, the measured lateral
KPFM bias variation is correct and can be correlated quantitatively to the bulk dopant
concentration via Eqs. 6 and 7. This is due the fact that the probed KPFM bias is
not dependent on the explicit amplitude of the cantilever deflection, but only reflects
the voltage necessary for the injection of majority charge carriers into the semiconductor
surface region.
Note that if the potential shielding completely dominates the original asymmetric elec-
tric dipole, the expected KPFM bias variation between differently doped regions would
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be undetectable. Therefore, very thick oxide layers and/or water films on the sample
surface have to be avoided for successful KPFM measurements. Potential shielding and a
strongly distorted KPFM bias values are observed for example at high vertical topographic
steps on the sample surface occurring on the SRAM and DRAM cell. This observation
is discussed in detail in Sect. 6.1. A solution to the restriction by potential shielding is
the detection of the 2nd harmonic of the electrostatic force which is discussed in Sect. 5.2.8.

In conclusion, due to oxidized surfaces and adsorbed water, a constant offset voltage Uoff

may occur during the KPFM measurements under ambient conditions. This offset voltage
Uoff is included in the dc-bias applied from the KPFM controller. The measured KPFM
bias UK then consists of the constant voltage offset value Uoff and the bias related to
the electrical signal from the vertical asymmetric electric dipole in the semiconducting
sample. This relation is summarized in Eqs. (27) and (28) for n-type and p-type regions,
respectively.

e · [UK(n)− Uoff ] = EC − EF (n) (27)

e · [UK(p)− Uoff ] = EV − EF (p) (28)

Only the lateral variation of the KPFM bias between differently doped regions can be
analysed quantitatively. The absolute value of the KPFM bias depends on the constant
offset voltage Uoff and may not be evaluated quantitatively. As a consequence, a reference
value as for example the dopant concentration of the substrate is required to enable the
correct correlation between the KPFM bias scale and the scale of the calculated energy
differences.

In general, especially for KPFM measurements under ambient conditions the sample surface
has to be prepared carefully in order to ensure that the electrostatic forces between the
vertical asymmetric dipole layer and the conductive KPFM probe are detectable despite
the electrostatic forces which cause the constant offset voltage. As long as the electrical
KPFM signal from the asymmetric electric dipole is large enough to be detected against
the shielding signal, the measured lateral KPFM bias variation is quantitatively correlated
to the energy differences [EC − EF (n)] and [EV − EF (p)] in n-type regions and p-type
regions, respectively.

5.2.5 Bias-induced band bending

An often discussed aspect in KPFM is the bias-induced band bending. When the semi-
conducting sample is biased, the cases accumulation, depletion and inversion of charge
carriers can occur [87, p. 199f]. As a consequence, the voltage partially drops between the
semiconductor surface and the bulk, which is referred to as bias-induced band bending.

During the KPFM measurement, an ac-bias and a dc-bias are applied to the sample (Sect.
3.2). The ac part of the applied bias is used to separate electrical forces from other
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forces acting onto the conductive probe. Due to the applied ac-bias with an effective
value of 6 V, the surface region of the investigated semiconducting sample experiences
an alternating accumulation and depletion of majority charge carriers. As a result, an
alternating, reversible ac-bias-induced surface band bending occurs which is symmetric
around the zero-ac-bias case. Therefore, in the time-average the ac-bias-induced surface
band bending vanishes and is not detectable during the KPFM measurement.
In contrast, the constant surface band bending due to the surface space charge region at the
free semiconductor surface (Fig. 5.5) does not vanish in the time-average. This detectable
constant surface band bending superimposes undisturbed with the ac-bias-induced band
bending and is removed finally by applying the appropriate dc-bias, i.e. the KPFM bias.
In conclusion, ac-bias-induced band bending occurs but is not relevant for the KPFM mea-
surement. AC-bias-induced band bending does not influence the measured lateral KPFM
bias variation which is required for quantitative dopant profiling.

For the experimental investigation of the aspect of negligible ac-bias-induced band bending,
ac-bias dependent KPFM measurements have been performed on the conventional SRAM
cell as well as on the Si epilayer samples. The detailed results are discussed in Sect. 6. In
general, it it demonstrated that the lateral KPFM bias variation probed across pn junctions
is independent of the applied ac-bias for large enough values. Note that bias-induced band
bending would result in an opposite change of the surface potential above n-type and p-type
semiconducting regions for positive or negative biases. This effect was used for example
by Nelson et al. to distinguish between n-type and p-type regions of patterned Si wafers
by means of bias-applied phase-imaging tapping-mode AFM measurements [145]. Thus,
it would be expected that the KPFM bias probed above the n-type region and above the
p-type region changes oppositely to each other if bias-induced band bending plays a role.
Therefore, from the fact that the lateral KPFM bias variation probed across pn junctions
is independent of the ac-bias, an influence of ac-bias-induced band bending on the probed
KPFM bias can be ruled out.
An additional evidence for the conclusion that ac-bias-induced band bending is not rele-
vant in KPFM is revealed by comparing ambient and UHV KPFM measurements on the
conventional SRAM cell (Sect. 6.1.1.4). Independent of the different effective ac-bias val-
ues of 6 V for ambient KPFM and only 0.1 V for UHV KPFM (Sect. 3.2), the same lateral
KPFM bias variation is probed across the SRAM cell. This shows impressively that the
measured lateral KPFM bias variation is not influenced by ac-bias-induced band bending.

5.2.6 Lateral resolution of KPFM

The lateral resolution is a crucial aspect when investigating samples by means of SPM
techniques. It is determined by the interaction between the probing cantilever and the
investigated sample. Thus, it mainly depends on the strength of the interaction forces
[146, 147] and on the tip-sample volume of interaction [148]. In general, the smaller the
interaction volume is, the better is also the lateral resolution.
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At the applied Anfatec Level-AFM, topography and electrical signals are detected simul-
taneously but independent from each other. The measurement of the surface topography
is based on van der Waals forces acting between atoms or molecules of the sample sur-
face and the tip. By applying additionally an external bias to the tip-sample system, the
electrostatic forces acting onto the cantilever are detected (Sect. 3.2).
The lateral resolution of both, topography and electrical signals, is limited mainly by the
tip apex of the probing cantilever [146, 148, 149], and by the tip-sample distance during
the scan [146, 150].
The tip apex of the probing cantilever is an important limitation factor for the lateral
resolution. The tip-sample volume of interaction increases with increasing tip apex and
the forces acting onto the cantilever thus represent the average over a larger sample region.
Separate parts contributing laterally to the averaged detected force can not be resolved.
Thus, a larger tip apex worsens the lateral resolution. The lateral resolution may be
enhanced by using ultrasharp probes [151, 152].
Note that in particular at contact SPM techniques the tip apex and thus the tip-sample vol-
ume of interaction may not be constant during the scan. In contact mode SPM techniques
like SSRM or SCM, the tip is scratched over the sample surface and may be deformed. The
tip apex may enlarge during the scan leading to a poorer lateral resolution. Non-contact
mode techniques like KPFM provide the advantage of being non-destructive regarding tip
and sample. The tip-sample volume of interaction is unchanged during the scan enabling
measurements with a constant lateral resolution.
The other significant factor influencing the lateral resolution is the tip-sample distance. An
increased tip-sample distance enlarges the area from which forces may act onto the probe.
Thus, the tip-sample volume of interaction is increased at larger tip-sample distances and
the lateral resolution worsens. This phenomenon has to be taken into account when com-
paring ambient and UHV KPFM measurements. The mean tip-sample distance during
the ambient KPFM measurements presented in this work amounts to approximately 30
nm (Sect. 3.2). At UHV KPFM the mean tip-sample distance is considerably smaller and
amounts to only a few nm, i.e. to approximately 5 nm at the UHV KPFM measurements
discussed in this work (Sect. 3.2). The comparably small tip-sample distance enables high-
resolution UHV KPFM measurements. Only recently, Spadafora et al. reported a lateral
resolution of 2 nm achieved by means of UHV KPFM [153]. In ambient KPFM the lateral
resolution of the probed KPFM bias is limited to approximately 20 nm, as is shown in this
work by the example of KPFM measurements on horizontal Si NWs (Sect. 6.3).

In general, the limitation of the lateral resolution due to both, the tip apex and the tip-
sample distance, is a nm length scale effect. For example, Ono et al. demonstrated by
comparing KPFM measurements on InAs quantum dots and simulations that a lateral
averaging effect makes the probed electrical signal contrast indistinct, in particular when
the size of the nanostructure is smaller than the tip apex [154]. Also the observed drop
of the lateral KPFM bias variation at increased tip-sample distance due to an increased
lateral averaging takes place on the lateral nm length scale [41, 155] and complicates
measurements with atomic resolution [54].
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In conclusion, an averaging effect influences the KPFM measurement detectably only when
probing the topographic or electrical signals at a tip-sample distance [156] or with a tip
apex [154] being larger compared to the dimensions of the area of interest.
The semiconducting structures investigated in this work are large compared to the tip apex
of less than 10 nm and the tip-sample distance of approximately 30 nm. The Si epilayer
samples as well as the DRAM and the SRAM cell are structured and doped on the µm-
scale. Thus, the influence of averaging effects due to tip apex and tip-sample distance on
the lateral resolution is negligible. This also holds true for the results of the horizontal Si
nanowires presented in Sect. 6.3. The Si nanowires have a length of 65 µm and a width
ranging between 10 nm and 2 µm (Sect. 3.1.3). However, only Si nanowires with a width
larger than 100 nm have been investigated precluding averaging effects due to the tip apex
and the tip-sample distance.

For KPFM measurements on semiconductors another essential influence on the lateral
resolution has to be taken into account. The detection of the KPFM bias may be influenced
by local intrinsic electric fields, i.e. due to doping junctions, in the investigated sample.
This is due to the measurement principle of KPFM where majority charge carriers have
to be injected into the semiconductor surface region in order to minimize the electrostatic
forces from the surface space charge region at the measurement position. During the KPFM
measurements across doping junctions, injected majority charge carriers drift within the
local intrinsic electric fields. This phenomenon distorts the KPFM bias and decreases the
lateral resolution of scans across the doping junction. Depending on the lateral size of the
space charge region up to several hundred nanometer, intrinsic electric fields may influence
the lateral resolution of the KPFM bias on a much larger scale than the tip apex or the
tip-sample distance.
The influence of intrinsic electric fields regarding the KPFM measurement principle is
discussed in detail in the following Sect. 5.2.7.

5.2.7 Intrinsic electric fields in locally doped semiconductors

KPFM is an electrical nanometrology technique and based on the injection of majority
charge carriers into the sample surface region at the measurement position. Due to the
measurement principle, local intrinsic electric fields in the sample may distort the KPFM
bias measurement. In particular, pn junctions may have strong influence on the probed
KPFM bias.

5.2.7.1 Investigation of pn junctions

Doping junctions in semiconductors form when regions with a different dopant concentra-
tion or dopant material are in close contact. Especially, pn junctions show unique electric
properties and are essential parts of semiconductor devices. If not stated otherwise the
following equations are adapted from Ref. [87, p. 80ff].
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Figure 5.10: Schematic illustration of the electric field E across a pn junction in equilibrium. xp

and xn mark the extension of the non-zero electric field on the p-side and the n-side of the pn
interface, respectively. At the lateral position 0 the electric field has its maximum value Emax.
Adapted from Ref. [106, p. 439].

At a pn interface electrons from the n-type region diffuse into the p-type region while
holes from the p-type region diffuse into the n-type region. Unscreened immobile ionized
dopant atoms remain on both sites of the pn interface and generate an electric field which
counteracts the diffusion of charge carriers. At equilibrium, the counteracting processes
are balanced and a space charge region is formed.

In Fig. 5.10 the electric field E across a pn junction in equilibrium is illustrated schemat-
ically. The width of the electric field on the p-side xp and on the n-side xn of the pn
interface are defined, respectively, as

xp =

√
2εrε0Vbi

e
· ND

NA(ND +NA)
, (29)

xn =

√
2εrε0Vbi

e
· NA

ND(ND +NA)
, (30)

with the static dielectric constant ε0, the permittivity εr, and the donor and acceptor
concentrations ND and NA. The built-in potential Vbi of the pn junction is given by

Vbi =
kBT

e
ln

(
NAND

n2
i

)
= −1

2
Emax(xp + xn). (31)

ni is the intrinsic carrier concentration. The maximum electric field Emax in the pn junction
at the position 0 in Fig. 5.10 is defined as

Emax = −eNDxn

ε0εr
= −eNAxp

ε0εr
. (32)

When investigating samples with local intrinsic electric fields by means of KPFM, the
unique measurement principle, i.e. the injection of majority charge carriers, has to be
taken into account. An important aspect is the direction of the intrinsic electric field with
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respect to the injection direction of majority charge carriers. During the presented KPFM
measurements majority charge carriers are injected from the sample back contact. With
respect to the direction of the intrinsic electric field, horizontal and vertical pn junctions
are distinguished.
In Fig. 5.11 a horizontal pn junction is illustrated as it occurs for example in the in-
vestigated cross-sectionally prepared Si epilayer samples (Sect. 3.1.2). Majority charge
carriers are injected along z-direction. When probing across the pn junction majority
charge carriers are injected into the space charge region of the pn junction where they
drift within the electric field along x-direction. This effect partially prevents the screening
of unscreened immobile ionized dopant atoms in the vertical asymmetric electric dipole
layer at the semiconductor-oxide interface. Additional majority charge carriers have to be
injected for minimization of the electrostatic forces acting onto the cantilever which dis-
torts the probed KPFM bias. This smearing out and overshoot of the KPFM bias above
horizontal pn junctions is the reason for the observed discrepancy between the expected
step-like potential and the probed continuous KPFM bias reported for example in Refs.
[45, 47, 131, 157].

Figure 5.11: Schematic illustration of a KPFM measurement across a horizontal pn junction.
Majority charge carriers are injected along z-direction into the space charge region and drift along
x-direction due to the intrinsic electric field in the space charge region. The probed KPFM bias
is distorted and may overshoot at the pn junction. Adapted from Ref. [158].
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Vertical pn junctions occur for example in the investigated SRAM and DRAM cells (Sect.
3.1). It is observed in this work (Sect. 6.1) that these vertical pn junctions have no de-
tectable influence on the KPFM measurement. This is ascribed to the small breakdown
voltage of less than 10 V [106, p. 456, Fig. 18.46.(a)] due to the high doping level of one
side of the vertical pn junctions in the SRAM and DRAM cell. Thus, the ac-bias with an
effective value of 6 V and a peak voltage of ±8.5 V applied during the KPFM measurement
may cause a breakdown of the vertical pn junctions.

For investigation of the influence of intrinsic electric fields on the KPFM measurement the
transport of the injected majority charge carriers has to be examined. This is possible for
example by means of varying the operation frequency fac which determines the drift of
charge carriers along z-direction in the sample. In the following Sect. 5.2.7.2 the technical
aspects of frequency dependent KPFM measurements are discussed.

5.2.7.2 Frequency dependent KPFM

For the investigation of local intrinsic electric fields by means of the operation frequency
fac all technical influences of the KPFM setup on the detected electrical signals have to be
ruled out.

Mechanical and electrical in-resonance oscillations may suffer for example from parasitic
coupling [159]. The Anfatec Level-AFM applied in this work uses an independent exci-
tation of the mechanical and electrical oscillations. Therefore, the mechanical oscillations
at the resonance frequency fr (about 320 kHz) are not expected to suffer from parasitic
coupling to the electrostatic oscillations at the operation frequency fac (5-130 kHz) and
vice versa. In addition, an advanced offset compensation technique in dependence on the
measurement frequency and geometrical tip-sample configuration is applied to reduce stray
capacitances. By the use of an active signal mixer, the applied ac-bias is constant and in-
dependent of the operation frequency fac. The technical details of the Level-AFM system
can be found in Ref. [53] and are summarized in Sect. 3.2.

For verification of possible technical contributions to the measured KPFM data the con-
figuration of the detected electrical signals has to be understood. When scanning in far
distance from a sample surface no electrostatic forces should be acting onto the conductive
cantilever. In reality, when applying all electrical excitations a small electrical signal is
detected which is referred to as background signal. This phenomenon was investigated and
described by F. Müller et al. in 2009 [53]. The small background signal may be caused by
interactions, i.e. crosstalk, in the electrical setup of the Level-AFM system.

For investigating the influence of the background, the electrical signal of the 1st harmonic
has been recorded in retracted mode and compared to a standard measurement in close
proximity to the sample surface. The background signal was recorded at a distance of 10 µm
between probe and sample. In Tab. 5.4, the measured amplitude and phase values of the
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Table 5.4: Amplitude and phase of the electrical signal of the 1st harmonic in standard and
retracted mode probed on the conventional SRAM cell and on the cross-sectionally prepared Si:B
epilayer sample in dependence on the operation frequency fac. With respect to the standard
signal an in-phase background is observed on the SRAM cell while the background signal probed
on the Si:B epilayer sample is out-of-phase. Adapted from Ref. [160].

SRAM Epilayer

Operation Standard Background Standard Background

frequency Amplitude Phase Amplitude Phase Amplitude Phase Amplitude Phase

fac (kHz) (µV) (◦) (µV) (◦) (µV) (◦) (µV) (◦)

130 350 139 40 132 65 135 14 102

90 300 152 30 148 55 147 9 121

70 250 158 30 164 46 155 6 123

40 250 167 30 162 45 167 4 132

20 250 174 30 182 45 177 4 arbitrary

10 200 176 25 179 45 186 4 arbitrary

5 200 179 25 189 45 184 4 arbitrary

standard and the background signal probed on the conventional SRAM cell (Sect. 3.1.1)
and on the cross-sectionally prepared Si:B epilayer sample (Sect. 3.1.2) are presented.
In general, the frequency dependence of the adjusted phase is similar for every sample
and pre-determined by the frequency response of the used lock-ins. The error of the phase
adjustment for the corresponding background signal is in the range of ± 10 % for the SRAM
sample and amounts to up to± 20 % for the cross-sectionally prepared Si:B epilayer sample.
The phase is better adjustable and shows a smaller error if the correspondingly detected
amplitude of the standard or background signal is large. For small amplitude values the
phase signal becomes unstable and a proper phase adjustment may be impossible. This
was observed during the background measurement above the cross-sectionally prepared
Si:B epilayer sample where the small amplitude values of the background signal cause an
unstable phase between 90◦ and 130◦ for operation frequencies down to 40 kHz. Below 40
kHz the phase of the background signal shows completely arbitrary values.

As can be seen in Tab. 5.4, the background signal recorded on the SRAM cell is in-phase
with respect to the corresponding standard signal for all operation frequencies. On the
Si:B epilayer sample an out-of-phase background is observed. Both cases are schematically
illustrated in Fig. 5.12 where the amplitude and the phase of the detected electrical sig-
nals are presented in a vector diagram. Two measurement positions 1 and 2 on the sample
are assumed for proper discussion of the lateral variation of the electrical signal. In Fig.
5.12(a) the influence of an in-phase background signal as probed above the SRAM sample
is discussed. In Fig. 5.12(b) an out-of-phase background signal as probed above the Si:B
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Figure 5.12: Vector diagram illustrating the electrical signal of the 1st harmonic for (a) an in-
phase (ϕ = ϕ′ = ϕ′′) and (b) an out-of-phase (ϕ 6= ϕ′ = ϕ′′) background. The electrical signals
probed at the measurement position 1 (red) and 2 (green) on the sample as well as the background
signal (blue) are phase-adjusted to maximize the real part. The lateral variation of the electrical
signal ∆K is not influenced by subtraction of an in-phase or out-of-phase background signal
(∆K = ∆K ′). Adapted from Ref. [160].
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epilayer sample is illustrated. The electrical signal recorded at the measurement position
1 (2) is illustrated by means of a red-coloured (green-coloured) vector in the diagrams,
respectively. The background signal is imaged as blue-coloured vector. Note that due to
measuring the background signal in retracted mode, a constant background amplitude and
phase is assumed for the measurement positions 1 and 2. As indicated in Fig. 5.12, a
phase-adjustment is performed for maximization of the real part of the electrical signal.
The background signal probed in retracted mode has to be subtracted from the electrical
signals probed in standard mode at the measurement positions 1 and 2. This is illustrated
in the lower part of Fig. 5.12(a) and (b), respectively. It is found that the lateral variation
∆K of the electrical signal is independent of the background signal. ∆K = ∆K ′ is fulfilled
for both, the in-phase and the out-of-phase background.

It can be concluded that KPFM measurements performed at different operation frequencies
are not influenced by technical aspects of the KPFM measurement setup. Thus, any
observed frequency dependence of the probed electrical signals has to be ascribed to sample
properties, i.e. to the sample-specific transport of charge carriers in the presence of local
intrinsic electric fields. The results of the frequency dependent KPFM measurements on
the SRAM and DRAM cell and on the epilayer samples are discussed in detail in Sect. 6.1
and 6.2, respectively.

5.2.8 Electrostatic force and higher harmonics

In the Level-AFM from Anfatec Instruments AG higher harmonics of the electrostatic
force can be detected simultaneously with the 1st harmonic. Without loss of generality the
electrostatic energy E between tip and sample can be written as

E =
1

2
CU2. (33)

C is the capacitance of the tip-sample system and U is the bias [Eq. (1)] applied during
the KPFM measurement.

The electrostatic force Fel is the derivative of the electrostatic energy E with respect to
the tip-sample distance z and defined as

Fel =
dE

dz
=

1

2

dC

dz
U2 +

1

2
C
dU2

dz
. (34)

The calculation of Fel gives a constant term F0el and two time-dependent terms F1el and
F2el.

F0el = Fel(e
0·(2πifact+ϕ0)) = (

1

2

dC

dz
U2

dc +
1

2
C
dU2

dc

dz
)e0·(2πifact+ϕ0) (35)

F1el = Fel(e
1·(2πifact+ϕ0)) = (

dC

dz
UdcUac + C

dUdc

dz
Uac + CUdc

dUac

dz
)e1·(2πifact+ϕ0) (36)
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F2el = Fel(e
2·(2πifact+ϕ0)) = (

1

2

dC

dz
U2

ac +
1

2
C
dU2

ac

dz
)e2·(2πifact+ϕ0) (37)

As was explained in Sect. 3.2 the electrical signal of the 1st harmonic F1el is used as the
input signal for the digital Kelvin probe force feedback. The 2nd harmonic F2el depends
on the capacitance of the tip-sample system C and on the applied ac-bias Uac. Note that
the signal of the 2nd harmonic F2el does not depend on the applied dc-bias Udc, i.e. on the
dopant concentration dependent KPFM bias applied during the KPFM measurement in
order to minimize the electrostatic forces. Thus, the 2nd harmonic is not correlated with the
injection of majority charge carriers at the measurement position and is thus not influenced
by local intrinsic electric fields. It is shown by the example of KPFM measurements across
horizontal Si nanowires in Sect. 6.3 that F2el therefore provides a better lateral resolution
than the simultaneously probed KPFM bias. Additionally, the 2nd harmonic F2el can
also be used to investigate insulators and overcomes the strong restriction of the KPFM
bias measurement. However, the quantitative interpretation of the 2nd harmonic requires
extensive theoretical calculations of the capacitive and electrostatic tip-sample interaction
as discussed for example in Ref. [161], and remains an open issue. The 3rd harmonic
of the electrostatic force F3el which also can be detected by means of the Level-AFM is
proportional to the 1st harmonic F1el and does not contain additional information.
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6.1 Silicon static and dynamic random access memory cells

In this section the results of KPFM measurements on the conventional SRAM and DRAM
cells introduced in Sect. 3.1.1 are discussed. Quantitative dopant profiling is demonstrated
successfully by use of the new KPFM model. The influence of local intrinsic electric fields
is investigated by means of frequency dependent measurements. Additionally, the ac-bias
dependence is discussed for the SRAM cell. In Sect. 6.1.1.4 finally the results of ambient
and UHV KPFM measurements performed on the SRAM cell are compared.

6.1.1 Static random access memory cell

6.1.1.1 Quantitative dopant profiling

In the following, quantitative dopant profiling by means of the new KPFM model is dis-
cussed by the example of two different doping junctions in the conventional SRAM cell.
The KPFM measurements have been carried out with an n+-type cantilever at an ac-bias
of 6 V and an operation frequency of 130 kHz.

In Fig. 6.1 the results of the KPFM measurement across an n+pn+pn+ junction are
illustrated. The simultaneously probed surface topography and KPFM bias are presented
in Fig. 6.1(a) and (b), respectively. The investigated n+pn+pn+ junction is marked as a
blue line in the KPFM bias image and in the schematic doping pattern of the SRAM cell
given in Fig. 6.1(c). The KPFM bias probed along the section line is displayed in Fig.
6.1(d). A lateral KPFM bias variation of approximately 120 mV is observed between the
n+-type regions and the p-type conducting ”n-channel” regions. Above the n+-type region
at the lateral position of around 6 µm the probed KPFM bias is larger by approximately
35 mV compared to the n+-type regions at 3.5 µm and 1 µm. This deviation may be
caused by a surface contamination which locally distorts the electrical signal.

The n+-type regions are As-doped with a concentration of 2 × 1020 cm−3 while the ”n-
channel” regions contain B with a concentration of 2× 1017 cm−3. The calculated energy
difference between Fermi energy and respective band edge amounts to [EC − EF (n)] ∼= 0
meV in the n+-type regions, and to [EV − EF (p)] ∼= -130 meV in the ”n-channel” regions.
Thus, an energy difference of 130 meV is predicted by the new KPFM model. This is in
good agreement with the probed lateral KPFM bias variation of 120 mV. Note that in the
CPD model an energy difference of 990 meV is expected between the n+-type and the ”n-
channel” regions. A comparison between measurement and new KPFM model calculation
is given in the plot in Fig. 6.1(d).

The observed small deviation of 10 mV between the measured lateral KPFM bias variation
and the calculated energy difference may result from averaging over 10 scan lines as well as
from minor variations of the real dopant concentrations compared to the theoretical values
provided by Veeco Instruments (since 2010 Bruker Corp.). For example, a B-concentration
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Figure 6.1: Results of the KPFM measurement across an n+pn+pn+ junction in the SRAM
cell. (a) Surface topography, (b) KPFM bias with marked investigated section line across the
n+pn+pn+ junction, (c) Schematic doping pattern of the SRAM cell with marked section line,
(d) KPFM bias section line (averaged over 10 lines) compared to the calculated energy differences
[EC − EF (n)] and [EV − EF (p)]. Adapted from Ref. [162].

of 4×1017 cm−3 instead of the defined 2×1017 cm−3 in the ”n-channel” region would cause
a deviation of 10 meV, i.e. a calculated energy difference of 120 meV instead of 130 meV.

In Fig. 6.2 the results of the KPFM measurement across a p+np+ junction in the SRAM
cell are presented. The simultaneously probed surface topography and KPFM bias are
given in Fig. 6.2(a) and (b), respectively. The investigated p+np+ junction is marked as
a blue line in the KPFM bias image and in the schematic doping pattern of the SRAM
cell illustrated in Fig. 6.2(c). In Fig. 6.2(d) the KPFM bias probed along the section
line is plotted. The KPFM bias plot features two peaks at the lateral positions -0.5 µm
and 0.5 µm. These peaks which indicate a strongly distorted KPFM bias are related to
the topographic step of 500 nm between the n-well region and the differently doped higher
device components which can be seen in the topography image [Fig. 6.2(a)]. The KPFM
bias is distorted at high vertical topographic steps due to the fact that the oxide layer and
the thin water film which occur in ambient KPFM measurements are arranged vertically,
too. The 500 nm thick vertical oxide layer and water film below the probing cantilever
at the topographic step create a potential shielding which may dominate the electrical
signal from the asymmetric electric dipole (Sect. 5.2.4). In addition, contaminations due
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Figure 6.2: Results of the KPFM measurement across a p+np+ junction in the SRAM cell. (a)
Surface topography with marked positions of surface contaminations at the vertical topographic
steps (blue rectangles), (b) KPFM bias with marked investigated section line across the p+np+

junction, (c) Schematic doping pattern of the SRAM cell with marked section line, (d) KPFM bias
section line (averaged over 30 lines) compared to the calculated energy differences [EC − EF (n)]
and [EV − EF (p)].

to the exposure of the samples to environmental conditions during the ambient KPFM
measurements accumulate preferentially at surface inhomogeneities such as topographic
steps, wells, or scratches. The contamination in particular at the vertical topographic
steps is clearly visible in the topography image where the positions are marked by means
of blue rectangles [Fig. 6.2(a)].

For the analysis of the lateral KPFM bias variation across the p+np+ junction the central
value of the n-well region at a lateral position of 0 µm and the edge values of the p+-type
regions at the lateral positions of -2.5 µm and 2.5 µm, respectively, are chosen. These
values are expected to be least influenced by the topographic step distortion. Between the
chosen points a lateral KPFM bias variation of approximately 190 mV is probed.

The p+-type regions contain B with a concentration of 4× 1019 cm−3. The n-well region is
P-doped with a concentration of 2×1017 cm−3. The narrow n-type conducting ”p-channel”
regions adjacent to the p+-type regions feature a P-doping with a concentration of 1×1017



64 6 RESULTS

cm−3 and thus can not be distinguished electrically from the KPFM bias probed across the
n-well region. Additionally, the distortion from the vertical topographic step dominates
the electrical signals probed above the ”p-channel” regions and prevents a quantitative
analysis. Therefore, for quantitative dopant profiling the focus lies on the p+np+ junction
between the p+-type regions and the central n-well region.

The calculated energy differences amount to [EV − EF (p)] ∼= -50 meV in the p+-type re-
gions and to [EC − EF (n)] ∼= +120 meV in the n-well region. In conclusion, for the p+np+

junction an energy difference of 170 meV is predicted by the new KPFM model, which is
in good agreement with the probed KPFM bias variation of 190 mV. Note that in the CPD
model an energy difference of 950 meV is expected between the p+-type regions and the
n-well. The comparison between the KPFM bias section line across the p+np+ junction
and the calculated energy differences [EC − EF (n)] and [EV − EF (p)] is presented in Fig.
6.2(d).

It can be concluded that the new KPFM model is suitable to quantitatively correlate
the lateral KPFM bias variation with the energy difference between Fermi energy and
respective band edge and thus with the local dopant concentration.

6.1.1.2 Frequency dependent KPFM measurements

For investigation of the influence of local intrinsic electric fields, frequency dependent
KPFM measurements have been performed on the SRAM cell. The measurements focus
on the p+np+ junction which was used to demonstrate quantitative dopant profiling in the
preceding Sect. 6.1.1.1. The frequency dependence of the lateral KPFM bias variation
across the p+np+ has been investigated by means of an n+-type and a p+-type cantilever.
Note that the KPFM measurements with the n+-type and the p+-type cantilever have been
performed on a similar p+np+ junction but at different measurement positions in the array
of repeating doping pattern of the SRAM cell.

At first, the KPFM measurements performed with the n+-type cantilever are discussed.
In Fig. 6.3(a) and 6.3(b) the simultaneously probed surface topography and KPFM bias
recorded at 130 kHz are presented, respectively. The blue line in the KPFM bias image
marks the investigated section line across the p+np+ junction. The p+np+ junction has
been scanned with an operation frequency fac of 130 kHz, 90 kHz, 70 kHz, 40 kHz, 20 kHz,
and 10 kHz. Note that an ac-bias of 6 V was applied during the KPFM measurements. In
Fig. 6.3(c) the section lines of the frequency dependent KPFM measurements are shown.
As can be seen, the KPFM bias section lines are distributed along the UK-scale which
indicates a frequency dependent offset value. For simplifying the comparison between the
measured lateral KPFM bias variation and the calculated energy differences the section
lines have been shifted on the UK-scale to reach overlay of the spectra which is shown in
Fig. 6.3(d). From the overlay of the spectra it can be concluded that for all operation
frequencies the same lateral KPFM bias variation of approximately 190 mV is observed
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Figure 6.3: Results of the frequency dependent KPFM measurement across the p+np+ junction
in the SRAM cell performed with an n+-type cantilever. (a) Surface topography, (b) KPFM bias
probed at 130 kHz with marked investigated section line, (c) Section lines (averaged over 30 lines)
of scans with 130 kHz, 90 kHz, 70 kHz, 40 kHz, 20 kHz and 10 kHz, (d) Shifted section lines
compared to the calculated energy differences [EC − EF (n)] and [EV − EF (p)]. Adapted from
Ref. [160].

between the p+-type regions and the n-well region. The lateral KPFM bias variation is in
good agreement with the calculated energy difference of 170 meV for the p+np+ junction
(Sect. 6.1.1.1). Note that the frequency dependent KPFM bias offset does not influence
the lateral KPFM bias variation.

The frequency dependent KPFM measurements across the p+np+ junction have been re-
peated with a p+-type cantilever. In Fig. 6.4(a) and (b) the surface topography and
KPFM bias simultaneously probed at an operation frequency of 130 kHz are illustrated.
The p+np+ junction has been scanned with operation frequencies of 130 kHz, 90 kHz, 70
kHz, 40 kHz, 20 kHz, and 10 kHz at an ac-bias of 6 V. The KPFM bias section lines are
given in Fig. 6.4(c). Similar to the measurement with the n+-type cantilever the KPFM
bias section lines are distributed along the UK-scale indicating the frequency dependence of
the offset value. The section lines are shifted on the UK-scale in Fig. 6.4(d) to reach overlay
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Figure 6.4: Results of the frequency dependent KPFM measurement across the p+np+ junction
in the SRAM cell performed with a p+-type cantilever. (a) Surface topography, (b) KPFM bias
probed at 130 kHz with marked investigated section line, (c) Section lines (averaged over 30 lines)
of scans with 130 kHz, 90 kHz, 70 kHz, 40 kHz, 20 kHz and 10 kHz, (d) Shifted section lines
compared to the calculated energy differences [EC − EF (n)] and [EV − EF (p)]. Adapted from
Ref. [160].

of the spectra for the comparison between the measured lateral KPFM bias variation and
the calculated energy differences. As can be seen in Fig. 6.4(d) for all applied operation
frequencies a lateral KPFM bias variation of approximately 170 mV is probed between the
p+-type regions and the n-well region which is in good agreement with the calculated energy
difference of 170 meV predicted from the new KPFM model (Sect. 6.1.1.1). The slightly
increased KPFM bias variation for 130 kHz as well as the deviating KPFM bias values
probed with 10 kHz (pink) and 20 kHz (turquoise) at the lateral position of approximately
2.5 µm [Fig. 6.4(d)] are caused by spurious lines which occur in the recorded KPFM bias
image and which influence the KPFM bias average over 30 scan lines. However, in the
topography at the vertical topographic step at the investigated p+np+ junction almost no
contamination is observed [Fig. 6.4(a)] and the probed KPFM bias shows less distortion
at the lateral positions -0.5 µm and 0.5 µm.
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Figure 6.5: Schematic cross-sectional illustration of the surface region of the SRAM cell with
shallow p+-type regions, n-type conducting ”p-channel” regions, and the n-well region. The
maximum thickness of the surface space charge region (green) amounts to 4.1 nm in the p+-
type regions, to 55 nm in the n-well and to 75 nm in the ”p-channel” regions. The diffusion
between neighbouring surface space charge regions along x (red) and the ac-drift along z (blue)
are indicated.

It can be concluded that within the investigated range the lateral KPFM bias variation
probed across the p+np+ junction is independent of the applied operation frequency fac.

For understanding this very promising result the KPFM measurement principle has to
be discussed with respect to the structure of the SRAM cell. The surface region of the
SRAM cell is illustrated schematically as cross-section in Fig. 6.5. SRIM calculations
(Sect. 3.3.2) using the implantation details provided by Veeco Instruments (Sect. 3.1.1)
have been performed for an estimation of the thickness of the shallow implanted p+-type
regions. A Gauss distribution of B atoms with a mean implantation depth of approximately
160 nm (FWHM ∼= 100 nm) is found. Note that the SRIM calculations do not include
an annealing treatment which may be part of the fabrication process of the SRAM cell
and which may lead to a more box-like dopant distribution with increased depth as was
observed after implantation and annealing of the NW samples (Sect. 3.1.3).

Due to the small thickness of the p+-type regions, primarily vertical pn junctions form
between the p+-type and the n-type conducting regions (Sect. 5.2.7.1). The space charge
region at the pn junctions is not illustrated in Fig. 6.5.
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The maximum thickness of the surface space charge regions is estimated by means of Eq.
(5) and amounts to 4.1 nm in the p+-type regions, to 55 nm in the n-well and to 75 nm in
the ”p-channel” regions. Note that also along the edges at the vertical topographic step
an asymmetric electric dipole forms as shown schematically in Fig. 6.5. Injected majority
charge carriers are expected to drift along x-direction within the thus formed horizontal
electric field (Sect. 5.2.7.1) which distorts the KPFM bias probed above this region. How-
ever, due to the topographic step near this measurement position a possible influence on
the probed KPFM bias can not be distinguished satisfyingly from the step distortion.

During the KPFM measurements an ac-bias is applied to the sample via the back contact.
The resulting ac-drift in z-direction (Fig. 6.5) causes an alternating accumulation and de-
pletion of majority charge carriers in the surface region of the investigated SRAM sample.
For minimizing the electrostatic force acting onto the cantilever, majority charge carriers
are injected into the sample surface region at the measurement position by additionally
applying the appropriate KPFM bias. These injected majority charge carriers screen the
unscreened immobile ionized dopant atoms and thus remove the vertical asymmetric elec-
tric dipole at the measurement position. Note that the probed lateral KPFM bias variation
can only be correlated quantitatively to the local dopant concentration via Eqs. (6) and
(7) if the asymmetric electric dipole is removed exclusively by majority charge carriers
injected via the applied KPFM bias.

In samples containing regions with opposite type of majority charge carriers the applied ac-
bias causes a lateral gradient in the charge carrier concentration. This is due to the fact that
accumulated charge carriers are of majority type in some regions but of minority type in
oppositely doped regions. As a result, charge carriers diffuse between neighbouring doped
regions. In particular the diffusion between neighbouring surface space charge regions may
have strong influence on the measurement of the KPFM bias. If charge carriers from a
neighbouring surface space charge region diffuse into the surface space charge region at the
measurement position during the KPFM scan, they may partially remove the asymmetric
electric dipole and thus distort the probed KPFM bias. From the structure of the SRAM
cell shown in Fig. 6.5 it can be deduced that only between the p+-type regions and the
adjacent narrow ”p-channel” regions neighbouring surface space charge regions form where
diffusion of charge carriers may occur. Thus, the central n-well region is expected not to
be influenced by diffusion of charge carriers.

In the following, drift and diffusion of charge carriers in the SRAM cell are discussed for
the largest and the smallest applied operation frequency, i.e. for 130 kHz and for 10 kHz.

First of all, the ac-drift due to the applied ac-bias with an effective value of 6 V is estimated.
The applied ac-bias oscillates between the positive and negative peak voltage ± 8.5 V
resulting in a similarly oscillating electric field in the 1 mm thick SRAM cell. The time-
dependent values of the electric field have been used to calculate the time-dependent ac-drift
velocity vac−drift at 300 K by means of Eq. (9) in Ref. [163], namely

vac−drift = vm
E/Ec

[1 + (E/Ec)β]1/β
. (38)
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Table 6.1: Fitting parameters for the electric field and temperature dependence of the electron
drift velocity vac−drift calculated by means of Eq. (38) with the temperature T in degrees Kelvin.
Adapted from Ref. [163].

vm (cm/s) Ec (V/cm) β

1.53×109×T−0.87 1.01×T 1.55 2.57×10−2×T 0.66

Note that Eq. (38) describes the drift velocity of electrons and holes in pure silicon but
is in reasonable agreement with the drift velocity in doped semiconductors with small to
medium dopant concentration. This aspect is discussed in more detail below in this section.
For simplicity, vac−drift has been calculated only for electrons. The corresponding fitting
parameters used in Eq. (38) are given in Tab. 6.1. Transport of holes can be discussed in
analogue way.
In Fig. 6.6 vac−drift of electrons in the SRAM cell is plotted for the operation frequencies
130 kHz and 10 kHz. The calculated ac-drift velocity vac−drift corresponds to an electron
mobility of about 1530 cm2/Vs.
Note that diffusion of charge carriers between neighbouring regions starts to play a role
when the diffusion velocity vdiff is larger than the ac-drift velocity vac−drift. The diffusion
velocity vdiff is given by the quotient of the diffusion coefficient D and the diffusion length
L [164]. In Si the diffusion coefficient of electrons and holes amounts to ≤36 cm2/s and
≤12 cm2/s, respectively (Ioffe database, www.ioffe.ru). The diffusion length L typically
is in the order of several hundred micrometer (Ioffe database, www.ioffe.ru). From these
values a diffusion velocity vdiff in the order of 1× 103 cm/s can be estimated for Si. This
estimated value is used in the following discussion and indicated as red line in Fig. 6.6.
In Fig. 6.6(a) the ac-drift velocity vac−drift is plotted for one period Tac of the 10 kHz
oscillation, i.e. for 10−4 s. The maximum ac-drift velocity amounts to 1.3× 105 cm/s. For
an estimation of the time period in which vac−drift < vdiff is fulfilled, the calculated data
are plotted on a smaller time-scale in Fig. 6.6(b). The time periods with vac−drift < vdiff

are summarized in Tab. 6.2. Note that during one period Tac of the ac-oscillation for
electrons twice the condition vac−drift < vdiff is fulfilled. Accumulation of holes via the
applied ac-bias is related to negative ac-drift velocities in Fig. 6.6 and can be discussed in
similar way.
For 130 kHz, the time period in which vac−drift < vdiff is fulfilled amounts to 9 × 10−9

s. At 10 kHz this time period is enhanced by approximately one order of magnitude and
amounts to 1.2 × 10−7 s. Note that these time periods are much smaller than the period
Tac of the ac-oscillation which amounts to 7.7 × 10−6 s for 130 kHz and to 1.0 × 10−4 s
for 10 kHz. During the estimated time periods charge carriers may diffuse with a range of
90 nm and 1200 nm, respectively (Tab. 6.2). The estimated diffusion ranges show that at
large operation frequencies diffusion of charge carriers between the neighbouring surface
space charge regions of the p+-type regions and the adjacent narrow ”p-channel” regions
only takes place on a small lateral scale. Due to the large scan range as well as due to
the distorting topographic step near this measurement position, the very small distorted
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Figure 6.6: AC-drift velocity in the SRAM cell calculated for electrons by means of Eq. (38) for
the operation frequencies 130 kHz and 10 kHz at an effective ac-bias of 6 V. Plot over (a) 1×10−4

s corresponding to a period Tac of the 10 kHz-oscillation and (b) 3 × 10−7 s for investigation of
the time period in which vac−drift < vdiff is fulfilled. The constant diffusion velocity vdiff of
1× 103 cm/s is indicated as a red line.

region of only 90 nm width for measurements at 130 kHz is not resolved laterally and
electrically. With decreasing operation frequency the diffusion range increases up to 1200
nm at 10 kHz and a possible distortion of the probed KPFM bias in the p+-type regions
could be detected. However, the specific structure of the SRAM cell has to be included
in the discussion. The interface between the neighbouring surface space charge regions
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Table 6.2: Diffusion in the SRAM cell. Time period in which the condition vac−drift < vdiff is
fulfilled for the operation frequencies 130 kHz and 10 kHz. Additionally, the diffusion range of
charge carriers in the respective time period is given.

Operation frequency fac Time period of vac−drift < vdiff Diffusion range

(kHz) (s) (nm)

130 9× 10−9 90

10 1.2× 10−7 1200

of the p+-type regions and the adjacent narrow ”p-channel” regions is smaller than 4.1
nm. Thus, only a small amount of charge carriers may diffuse between the neighbouring
surface space charge regions of the p+-type and the ”p-channel” regions. Additionally, the
dopant concentration in the p+-type regions is comparably large which results in a negligible
contribution of diffusing charge carriers to the removal of the vertical asymmetric electric
dipole.

In conclusion, the asymmetric electric dipole in the surface region of the discussed p+-type
regions and the n-well is removed at all operation frequencies mainly by majority charge
carriers injected via the applied KPFM bias. The probed lateral KPFM bias variation is
thus independent of the operation frequency and remains quantitatively correlated with
the local dopant concentration via Eqs. (6) and (7) even at small operation frequencies.

Note that the presented estimation of ac-drift and diffusion in the SRAM cell is only a very
simple approximation of the complex dynamic transport phenomena in locally structured
and doped semiconducting samples during the KPFM measurement. The applied Eq. (38)
describes the electron drift velocity in pure silicon. It can be deduced from Ref. [163]
that the electron drift velocity calculated by means of Eq. (38) is in very good agreement
with the electron drift velocity in semiconductors with small to medium dopant concentra-
tion, i.e. to about 1×1016 cm−3, and in reasonable agreement for dopant concentrations to
about 1×1017 cm−3. Therefore, Eq. (38) is regarded as reasonable approximation for the
description of the SRAM cell with the large low doped n-well region and the only shallow
implanted highly p+-type regions. The DRAM cell (Sect. 3.1.1) and the cross-sectionally
prepared Si epilayer samples (Sect. 3.1.2) with the mainly low-doped regions are discussed
in similar way. As pointed out in Ref. [163] in reality the ac-drift velocity depends on the
charge carrier type, the charge carrier mobilities and on the local impurity concentration
of the doped regions. Additionally, the ac-drift velocity is influenced by sample-specific
vertical and horizontal intrinsic electric fields due to the formed space charge regions at
pn junctions as well as at the sample surface, which further complicates a quantitative
discussion. Also the diffusion velocity depends on the specific structure of the investigated
region of the semiconducting sample and the related charge carrier properties. Therefore,
for an exact study of the complex dynamic transport phenomena in locally structured and
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doped semiconducting samples like the SRAM cell comprehensive calculations including
the sample-specific structure and the local doping-dependent properties of charge carriers
as well as an detailed analysis of charge carrier transport between the differently doped
regions are recommended. Nevertheless, the presented rough estimation provides a first
overview over the order of magnitude of drift and diffusion and allows with respect to the
sample structure simple conclusions about the influence on the KPFM measurement.

The frequency independence of the lateral KPFM bias probed on the SRAM cell is evidence
for an import aspect of the new KPFM model. As discussed in 5.2.4 the new KPFM model
predicts that the probed KPFM bias is independent of the explicit oscillation amplitude
of the cantilever, i.e. of the amplitude of the electrical signal of the 1st harmonic. In Tab.
5.4 (Sect. 5.2.7.2), it can be seen that the amplitude of the 1st harmonic decreases with
decreasing operation frequency. However, the lateral KPFM bias variation probed across
the p+np+ junction is constant for all applied operation frequencies. This is due to the
fact that the KPFM bias only reflects the voltage necessary for the injection of majority
charge carriers into the semiconductor surface region and is independent of the amplitude
of the 1st harmonic signal used as input for the Kelvin probe force feedback.

6.1.1.3 AC-bias dependent KPFM measurements

For verification of the negligible influence of bias-induced band bending which was discussed
in Sect. 5.2.5, ac-bias dependent KPFM measurements have been performed on the SRAM
cell. The measurements have been carried out with an n+-type cantilever. An operation
frequency of 130 kHz has been applied during the ac-bias dependent KPFM measurements.

The p+np+ junction which was used to demonstrate quantitative dopant profiling (Sect.
6.1.1.1) was investigated in dependence on the ac-bias. The KPFM bias section lines
recorded at ac-biases with the effective values of 6 V, 5 V, 4 V, and 3 V are presented in
Fig. 6.7. As can be seen, the same lateral KPFM bias variation is probed for all applied ac-
biases. Note that a non-negligible bias-induced band bending should show in an opposite
change of the KPFM bias values probed above n-type and p-type semiconducting regions
for positive or negative biases [145]. Due to the ac-bias an alternating positive and negative
voltage is applied to the p+-type and the n-type regions. When decreasing the effective
ac-bias values also the peak value of the ac-bias decreases. It would be expected that
with decreasing positive and negative ac-bias peak value the KPFM bias probed above the
p+-type regions changes oppositely to the value probed above the n-type regions. Thus,
the lateral KPFM bias variation should change with decreasing ac-bias. Such effect is
not observed during the ac-bias dependent KPFM measurements. This result shows that
ac-bias-induced band bending may occur but has no influence on the KPFM measurements.

Another important aspect regarding ac-bias dependent KPFM measurements is that at
decreasing ac-bias the maximum value of the ac-drift velocity decreases. This leads to
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Figure 6.7: Results of the ac-bias dependent KPFM measurement on the SRAM cell performed
with an n+-type cantilever. Section lines (averaged over 20 lines) of the KPFM bias probed across
the p+np+ junction of the SRAM cell in dependence on the effective ac-bias Uac. The section
lines have been shifted on the UK-scale to reach overlay of the spectra.

an enhancement of the time period in which the diffusion velocity vdiff is larger than the
ac-drift velocity vac−drift. Similar to the discussion of the frequency dependent KPFM
measurements performed on the SRAM cell (Sect. 6.1.1.2), the ac-drift velocity has been
calculated in dependence on the applied ac-bias for the operation frequency fac of 130 kHz
by means of Eq. (38) for electrons. The calculated ac-drift velocity vac−drift is related to an
electron mobility of about 1530 cm2/Vs. The ac-bias dependent ac-drift velocities vac−drift

are plotted in Fig. 6.8, where also the typical diffusion velocity in the order of vdiff =
1 × 103 cm/s in Si (Sect. 6.1.1.2) is indicated as red line. The time periods in which the
condition vac−drift < vdiff is fulfilled are estimated from Fig. 6.8(b). The values are listed
in Tab. 6.3, where additionally the correlated diffusion range is given.

Table 6.3: Diffusion in the SRAM cell. Time period in which the condition vac−drift < vdiff is
fulfilled in dependence on the applied ac-bias. Additionally, the diffusion range of charge carriers
in the respective time period is given.

Effective ac-bias Uac AC-bias peak Time period of vac−drift < vdiff Diffusion range

(V) (V) (s) (nm)

6 ±8.5 0.9× 10−8 90

5 ±7.1 1.1× 10−8 110

4 ±5.7 1.4× 10−8 140

3 ±4.2 1.8× 10−8 180
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Figure 6.8: AC-drift velocity in the SRAM cell calculated for electrons by means of Eq. (38) for
the effective ac-bias values 6V, 5V, 4V and 3V at the operation frequency fac of 130 kHz. Plot
over (a) 7.7 × 10−6 s corresponding to a period Tac of the 130 kHz-oscillation and (b) 1 × 10−7

s for estimation of the time period in which vac−drift < vdiff is fulfilled. The constant diffusion
velocity vdiff of 1× 103 cm/s is indicated as a red line.

It is found that for all applied ac-biases the diffusion range is smaller than 200 nm. There-
fore, the probed lateral KPFM bias may be distorted by diffusion of charge carriers between
the neighbouring surface space charge regions of the p+-type regions and the adjacent nar-
row ”p-channel” regions (Fig. 6.5) only on a small lateral scale. The expected distortion is
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not detectable due to the large scan range and due to the distorting topographic step near
this measurement position. It can be concluded that the contribution of diffusion between
the neighbouring surface space charge regions is negligible for all applied ac-biases.
The vertical asymmetric electric dipole at the surface of the p+-type and the n-well region
is removed mainly by majority charge carriers injected via the applied KPFM bias which
thus remains quantitatively correlated with the local dopant concentration via Eqs. (6)
and (7) even at small ac-biases.

6.1.1.4 Comparison between UHV and ambient KPFM

In comparison to the results obtained by means of ambient KPFM, the SRAM cell has also
been investigated with UHV KPFM at the Helmholtz-Zentrum Berlin. The conventional
SRAM cell has been chosen for the comparative measurements because the lateral KPFM
bias variation probed during the ambient KPFM measurements does not depend on the
operation frequency (Sect. 6.1.1.2) or on the applied ac-bias (Sect. 6.1.1.3) which are
different for the UHV and the ambient KPFM system (Sect. 3.2).
The ambient and UHV KPFM measurements have been performed across the n+pn+pn+

junction, which was used to demonstrate quantitative dopant profiling in Sect. 6.1.1.1 (Fig.
6.1). For direct comparison, the results of the ambient KPFM measurement from Fig. 6.1
are illustrated again together with the UHV KPFM results in Fig. 6.9. The schematic
doping pattern of the SRAM cell is illustrated in Fig. 6.9(a), where also the investigated
section line across the n+pn+pn+ junction is marked as a blue line.
The results of the ambient KPFM measurements are illustrated in the left part of Fig.
6.9. The simultaneously recorded surface topography and KPFM bias are given in Fig.
6.9(b) and (c), respectively. The investigated section line across the n+pn+pn+ junction
is marked as a blue line in the KPFM bias image. The KPFM bias section line probed
across the n+pn+pn+ junction is plotted and compared to the calculated energy differences
[EC − EF (n)] and [EV − EF (p)] in Fig. 6.9(d). A lateral KPFM bias variation of approxi-
mately 120 mV is probed between the n+-type and the ”n-channel” regions at the ambient
KPFM measurements which is in good agreement with the calculated energy difference of
130 meV [Fig. 6.9(d)]. As discussed in Sect. 6.1.1.1, the CPD model predicts an energy
difference of 990 meV between the n+-type and the ”n-channel” regions.
The results of the UHV KPFM measurements are shown in the right part of Fig. 6.9.
Also in the UHV KPFM setup the surface topography [Fig. 6.9(e)] and the KPFM bias
[Fig. 6.9(f)] are probed simultaneously. The investigated section line across the n+pn+pn+

junction is marked as a blue line in the KPFM bias image [Fig. 6.9(f)]. The KPFM bias
probed along the section line is compared to the calculated energy differences [EC − EF (n)]
and [EV − EF (p)] in Fig. 6.9(g). Note that zero on the UK-scale of the UHV measurements
is defined by a calibration procedure performed before the UHV KPFM measurements
which includes the applied cantilever. A lateral KPFM bias variation of about 160 mV is
probed between the n+-type and the ”n-channel” regions in the UHV KPFM measurement.
This is in reasonable agreement with the calculated energy difference of 130 meV.
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Figure 6.9: Comparison between ambient and UHV KPFM measurements performed across the
n+pn+pn+ junction in the SRAM cell. (a) Schematic doping pattern with marked section line,
(b) ambient surface topography, (c) ambient KPFM bias with marked section line, (d) ambient
KPFM bias section line (averaged over 10 scan lines) compared to the calculated energy differences
[EC − EF (n)] and [EV − EF (p)], (e) UHV surface topography, (f) UHV KPFM bias with marked
section line, (g) UHV KPFM bias section line (averaged over 10 scan lines) compared to the
calculated energy differences [EC − EF (n)] and [EV − EF (p)].



6.1 Silicon static and dynamic random access memory cells 77

Some important conclusions can be drawn from the presented comparison between ambient
and UHV KPFM measurements.
First of all, almost the same lateral KPFM bias variation is probed across the investigated
n+pn+pn+ junction at the ambient and the UHV KPFM measurements. Note that the
lateral KPFM bias variation is independent of the applied cantilever, i.e. n+-type con-
ductive NSC15 Si cantilevers from MikroMasch for ambient and Pt-Ir coated cantilevers
from Nanosensors for UHV KPFM measurements (Sect. 3.2). The lateral KPFM bias
variation probed during the ambient and the UHV KPFM measurements can be explained
satisfyingly with the energy differences between Fermi energy and respective band edge
[EC − EF (n)] and [EV − EF (p)], i.e. with the new KPFM model. The small deviation of
the lateral KPFM bias variation between ambient and UHV KPFM may on the one hand
result from minor differences between the real dopant concentration and the values pro-
vided from Veeco Instruments (Sect. 3.1.1). The ambient and UHV KPFM measurements
have been performed on the same SRAM sample and on a similar n+pn+pn+ junction, but
not on the very same local position in the array of repeating doping pattern. For example,
a B-concentration of 8× 1016 cm−3 instead of the defined 2× 1017 cm−3 in the ”n-channel”
region would result in a calculated energy difference of 160 meV instead of 130 meV. On
the other hand, the small deviation between ambient and UHV measurements may result
from the averaging due to the larger tip-sample distance in ambient KPFM (Sect. 5.2.6).
Another important aspect is the much higher lateral resolution of UHV KPFM. The narrow
n-LDD regions [Fig. 6.9(a)] containing P with a concentration of 5× 1018 cm−3, which are
expected at the lateral positions of approximately -1.5 µm, -0.6 µm, 0.6 µm, and 1.5 µm
in Fig. 6.9(d), are not resolved in ambient KPFM. However, those narrow n-LDD regions
can be weakly resolved as approximately 200 nm broad, differently coloured surrounding
of the central n+-region in the UHV KPFM bias image [Fig. 6.9(f)]. The UHV KPFM
bias section line probed across the n+pn+pn+ shows a continuous characteristic in which
the n-LDD regions appear as weakly pronounced saddle points at the lateral positions of
approximately -1.6 µm, -0.6 µm, 0.6 µm and 1.6 µm [Fig. 6.9(g)]. Therefore, it can be
concluded that UHV KPFM provides a much better lateral resolution than ambient KPFM
and is recommended for electrical investigations of nanostructures.
The third fundamental conclusion concerns the negligible influence of ac-bias-induced band
bending (Sect. 5.2.5). The ambient KPFM measurements have been performed with
an effective ac-bias of 6 V. In UHV KPFM only 0.1 V ac-bias are applied. However,
independent of the different ac-bias almost the same lateral KPFM bias variation is probed
in ambient and UHV KPFM. Thus, ac-bias-induced band bending may occur during the
KPFM measurement but has no influence on the probed lateral KPFM bias variation.
The final important remark concerns the KPFM offset bias due to potential shielding
(Sect. 5.2.4). The ambient KPFM measurements have been performed on the untreated
sample surface featuring a native oxide as well as adsorbed water (Sect. 4). For reducing
surface contaminations and the thin water film, the SRAM sample has been cleaned with
acetone and heated for one hour at 155◦C before the UHV KPFM measurements (Sect.
3.2.2). Only the contribution of the native oxide layer on the SRAM cell is expected to
be similar during the ambient and UHV KPFM measurements. Therefore, the KPFM



78 6 RESULTS

offset bias differs during the ambient and UHV KPFM measurements. However, indepen-
dent of the surface treatment almost the same lateral KPFM bias variation is probed in
ambient and UHV KPFM measurements. It can be concluded that independent of the sur-
face condition in ambient and UHV KPFM the probed lateral KPFM bias variation may
be used for quantitative dopant profiling. This holds true as long as the signal from the
asymmetric electric dipole is not completely dominated by potential shielding (Sect. 5.2.4).

Although a comparison between ambient and UHV KPFM measurements has been per-
formed only for one of the semiconducting samples discussed in this work, i.e. the con-
ventional SRAM cell, the observed agreement of the lateral KPFM bias variation for both
measurement types is promising. Further comparative measurements are recommended.
Nevertheless, these first results show that ambient KPFM as well as UHV KPFM are
suitable for the quantitative investigation of the dopant concentration in semiconductors.

6.1.2 Dynamic random access memory cell

6.1.2.1 Quantitative dopant profiling

For verification of the results of the KPFM measurements performed on the conventional
SRAM cell discussed in the preceding Sect. 6.1.1, additionally a conventional DRAM cell
(Sect. 3.1.1) has been investigated. The KPFM measurements have been carried out with
an n+-type cantilever at an ac-bias of 6 V and an operation frequency of 130 kHz.
In Fig. 6.10 the results of the KPFM measurement on the DRAM cell are presented. The
doping pattern of the DRAM cell is illustrated schematically in Fig. 6.10(a). In Fig. 6.10(b)
and (c) the simultaneously probed surface topography and KPFM bias are presented,
respectively. Two different doping junctions in the DRAM cell have been investigated.
The section lines are marked in the doping pattern in Fig. 6.10(a) as well as in the KPFM
bias image in Fig. 6.10(c). One section line has been chosen across the pn junction in
y-direction (blue line). The KPFM bias probed along this section line is plotted in Fig.
6.10(d). A lateral KPFM bias variation of approximately 300 mV is probed across the pn
junction. The second investigated section line is across the n+pn+ in x-direction (green
line). In Fig. 6.10(e) the corresponding KPFM bias section line is plotted. As can be
seen, a lateral KPFM bias variation of approximately 200 mV is observed for the n+pn+

junction. Both section lines cross in the p-epi region which is indicated by means of the
blue point in Fig. 6.10.
The p-epi region contains B with a concentration of 2× 1016 cm−3. The corresponding en-
ergy difference between Fermi energy and valence band maximum amounts to [EV − EF (p)]
∼= -190 meV. The n-well region is P-doped with a concentration of 2 × 1017 cm−3 related
to the energy difference [EC − EF (n)] ∼= +120 meV. The n+-type regions contain As with
a concentration of 2 × 1020 cm−3 resulting in an energy difference of [EC − EF (n)] ∼= 0
meV. Adjacent to the n+-type regions narrow p-type conducting ”n-channel” regions are
implanted. These regions contain B with a concentration of 2× 1017 cm−3. The resulting
energy difference amounts to [EV − EF (p)] ∼= -130 meV. Similar to the p+np+ junction in
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Figure 6.10: Results of the KPFM measurement on the DRAM cell. (a) Doping pattern of the
DRAM cell with marked section lines across a pn junction in y-direction (blue) and an n+pn+

junction in x-direction (green), (b) Surface topography, (c) KPFM bias with marked section lines.
The KPFM bias section lines (averaged over 10 lines) probed (d) across the pn junction and (e)
across the n+pn+ junction are compared to the calculated energy differences [EC − EF (n)] and
[EV − EF (p)]. The crossing of both section lines in the p-epi region is indicated by the blue point.
Adapted from Ref. [165].
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the SRAM cell (Sect. 6.1.1.1), the narrow ”n-channel” regions can not be discussed quan-
titatively due to distortion from the vertical topographic step between the p-epi region
and the differently doped higher device components in the DRAM cell. However, in the
KPFM bias section line probed across the n+pn+ junction a slight change of slope at the
lateral positions -1 µm and 1 µm occurs [Fig. 6.10(e)] which indicates the position of the
”n-channel” regions.

From the new model calculation it can be concluded that for the pn junction in y-direction
a calculated energy difference of 310 meV is predicted which is in good agreement with the
probed lateral KPFM bias variation of approximately 300 mV. Note that the expected CPD
difference for the pn junction amounts to 810 meV. The comparison between measurement
and new KPFM model calculation for the pn junction is given in the plot in Fig. 6.10(d).

For the n+pn+ junction in x-direction the calculated energy difference amounts to 190 meV.
This is in good agreement to the probed lateral KPFM bias variation of approximately
200 mV. In the CPD model an energy difference of 930 meV is expected for the n+pn+

junction. Measurement and new model calculation for the n+pn+ junction are compared
in Fig. 6.10(e).

It can be concluded that the lateral KPFM bias variation probed across the two doping
junctions can be satisfyingly explained within the new KPFM model.

The presented results of the KPFM measurement across the two doping junctions in the
DRAM cell reveal another important aspect regarding the different predictions from the
traditional CPD model and the new KPFM model. In the CPD model a larger KPFM bias
variation is expected to be probed across the n+pn+ junction than across the pn junction,
i.e. 930 meV > 810 meV. Additionally, the calculated lateral CPD variation ∆CPD(p,n)
reflects the built-in potential of the doping junctions (Sect. 5.1) and is thus larger than
half the bandgap energy in Si, i.e. larger than 560 meV.

Both predictions of the traditional CPD model are not in agreement with the results of the
KPFM measurement. The lateral KPFM bias variation probed across the n+pn+ junction
is smaller than the variation probed across the pn junction, i.e. 200 mV < 300 mV. Besides,
the probed lateral KPFM bias variation of both doping junctions is smaller than half the
bandgap energy, i.e. smaller than 560 meV. Both observations can only be explained within
the new KPFM model presented in this work (Sect. 5.2).

6.1.2.2 Frequency dependent KPFM measurements

Frequency dependent KPFM measurements have been performed on the n+pn+ junction
in the DRAM cell which was used to demonstrate quantitative dopant profiling in the
preceding Sect. 6.1.2.1. The frequency dependent KPFM measurements have been carried
out by means of an n+-type cantilever at an ac-bias of 6 V.

The n+pn+ junction has been probed at the two operation frequencies 130 kHz and 30
kHz. The corresponding KPFM bias section lines are displayed in Fig. 6.11. In agreement
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Figure 6.11: Results of the frequency dependent KPFM measurement across the n+pn+ junction
in the DRAM cell performed with an n+-type cantilever. Section lines (averaged over 10 scan
lines) of scans with 130 kHz and 30 kHz. The section lines are shifted on the UK-scale to reach
overlay of the spectra and are compared to the calculated energy differences [EC − EF (n)] and
[EV − EF (p)].

with the results observed on the SRAM cell, the lateral KPFM bias variation probed
between the n+-type regions and the central p-epi region in the DRAM cell is independent
of the applied operation frequency. For both operation frequencies a lateral KPFM bias
variation of approximately 200 mV is probed which is in good agreement with the new
model calculation of 190 meV (Sect. 6.1.2.1).

The observed frequency independence indicates that the contribution of diffusing charge
carriers between neighbouring surface space charge regions is negligible. Similar to the
SRAM cell (Sect. 6.1.1.2) in the following discussion the focus lies on diffusion between
the neighbouring surface space charge regions of the shallow n+-type and the adjacent
”n-channel” regions is discussed. The asymmetric electric dipole at the investigated mea-
surement positions is removed mainly by majority charge carriers injected via the applied
KPFM bias which thus remains quantitatively correlated with the local dopant concen-
tration. For verification of this conclusion, the time period in which diffusion between
neighbouring surface space charge regions dominates the ac-drift is estimated in the fol-
lowing for the 1 mm thick DRAM cell.

The surface region of the DRAM cell is illustrated schematically in Fig. 6.12. Similar to the
SRAM cell primarily vertical pn junctions occur between the n+-type regions and the p-
type regions. The thickness of the n+-type regions has been estimated by means of SRIM
calculations (Sect. 3.3.2) using the implantation details provided by Veeco Instruments
(Sect. 3.1.1). A Gauss distribution of As atoms with a mean implantation depth of
approximately 70 nm (FWHM ∼= 50 nm) is calculated. Note that the SRIM calculations
do not include an annealing treatment which may be part of the fabrication process of
the DRAM cell and which may lead to a more box-like dopant distribution with increased
depth as observed after implantation and annealing of the NW samples (Sect. 3.1.3).
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Figure 6.12: Schematic cross-sectional illustration of the surface region of the DRAM cell with
shallow n+-type regions, p-type conducting ”n-channel” regions, and the p-epi region. The max-
imum thickness of the surface space charge region (green) amounts to 1.9 nm in the n+-type
regions, to 155 nm in the p-epi and to 55 nm in the ”n-channel” regions. The diffusion be-
tween neighbouring surface space charge regions along x (red) and the ac-drift along z (blue) are
indicated.

The maximum thickness of the surface space charge regions has been estimated by means
of Eq. (5) and amounts to 1.9 nm in the n+-type regions, to 155 nm in the p-epi and to 55
nm in the ”n-channel” regions. As discussed for the SRAM cell, the horizontal asymmetric
electric dipoles which are expected to form at the vertical topographic steps of the DRAM
cell (Fig. 6.12) can not be distinguished laterally and electrically from the distortion due
to the surface step near this measurement position.

For an estimation of the time period in which diffusion dominates the ac-drift, the ac-drift
velocity of electrons has been calculated for 130 kHz and 30 kHz at an effective ac-bias
of 6 V by means Eq. (38). Similar to the discussion of the frequency dependent KPFM
measurements performed on the SRAM cell (Sect. 6.1.1.2) the calculated ac-drift velocity
in the DRAM cell is compared to the typical diffusion velocity vdiff in Si which is in the
order of 1× 103 cm/s. The time periods in which the condition vac−drift < vdiff is fulfilled
are estimated from the calculated data. In Tab. 6.4 the time periods and the respective
diffusion ranges are listed.

It can be concluded from this rough estimation that for 130 kHz and 30 kHz the diffusion
range amounts to 90 nm and 400 nm, respectively. Thus, compared to the large scan range
a possible distortion of the probed KPFM bias due to the contribution of diffusing charge



6.1 Silicon static and dynamic random access memory cells 83

Table 6.4: Diffusion in the DRAM cell. Time period in which the condition vac−drift < vdiff is
fulfilled for the operation frequencies 130 kHz and 30 kHz. Additionally, the diffusion range of
charge carriers in the respective time period is given.

Operation frequency fac Time period of vac−drift < vdiff Diffusion range

(kHz) (s) (nm)

130 0.9× 10−8 90

30 4× 10−8 400

carriers between the shallow n+-type and the adjacent ”n-channel” regions to the removal
of the asymmetric electric dipole only occurs in a small region and can not be distinguished
satisfyingly from the distortion due to the topographic step near this measurement position.
Additionally, the interface of the neighbouring surface space charge regions of the shallow
n+-type and the adjacent ”n-channel” regions is even smaller in the DRAM cell than in
the SRAM cell and amounts to only 1.9 nm. Therefore, a much smaller amount of charge
carriers is expected to diffuse between both neighbouring surface space charge regions. It
can be concluded that the asymmetric electric dipole in the surface region of the discussed
n+-type regions and the central p-epi region is removed at all operation frequencies mainly
by majority charge carriers injected via the applied KPFM bias. The probed lateral KPFM
bias variation is thus independent of the operation frequency and remains quantitatively
correlated with the local dopant concentration via Eqs. (6) and (7).
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6.2 Cross-sectionally prepared silicon epilayer samples

In this section the results of KPFM measurements on the cross-sectionally prepared Si
epilayer samples introduced in Sect. 3.1.2 are presented. Quantitative dopant profiling
by means of the new KPFM model is demonstrated on the Si:B and on the Si:P epilayer
sample. The influence of local intrinsic electric fields is discussed by use of frequency
dependent KPFM measurements. Additionally, ac-bias dependent KPFM measurements
have been performed on the epilayer samples and are discussed in this section.

6.2.1 Si:B epilayer sample

6.2.1.1 Quantitative dopant profiling

For verification of the new KPFM model, the doping profile in the Si:B epilayer sample
has been determined by means of SIMS measurements (Sect. 3.3.1). As explained in Sect.
3.1.2, in order to avoid the influence of local intrinsic electric fields due to overlapping space
charge regions in the narrow spacer regions, the focus lies on the pn junction between the
P-doped substrate and the near-substrate B-doped epilayer.

In Fig. 6.13 the SIMS data recorded across the pn junction between the P-doped substrate
and the near-substrate B-doped epilayer are presented. As can be seen, the abrupt doping
junction expected at the lateral position of 0 µm is distorted by an exponential decline of the
B-concentration in the P-doped substrate. This observation is ascribed to SIMS artefacts
which are induced for example by ion beam mixing [166] and an additional forward recoil
process, i.e. the ”knock-on” effect [167] during the sputtering. The knock-on effect is known
to produce a measured doping profile which extends much deeper into the substrate than
is actually there [168], and increases with increasing depth of the investigated structure
from the sample surface [169]. The examined pn junction between P-doped substrate and
near-substrate B-doped epilayer is located in a depth of 11 µm from the epilayer sample
surface resulting in a large influence of sputtering artefacts and thus in a decreased quality
of the SIMS data. As a consequence in the P-doped substrate an artificial B-concentration
appears in the SIMS data which is even larger than the P-concentration. Nevertheless, a
P-concentration of approximately 1.4× 1015 cm−3 can be deduced for the substrate, while
a B-concentration of about 4.7× 1016 cm−3 in the near-substrate epilayer can be extracted
from the SIMS data.

The Si:B epilayer sample has been prepared cross-sectionally after the SIMS measurements
(Sect. 3.1.2). This enables KPFM measurements across the thus horizontally arranged dif-
ferently doped layers of the Si:B epilayer structure. In agreement with the SIMS measure-
ment, the KPFM measurements focus on the horizontal pn junction between the P-doped
substrate and the near-substrate B-doped epilayer.

The KPFM measurements have been carried out with an n+-type cantilever at an applied
ac-bias of 6 V and an operation frequency of 130 kHz. The results of the KPFM mea-
surement are presented in Fig. 6.14. The simultaneously probed surface topography and
KPFM bias are given in Fig. 6.14(a) and (b), respectively. In Fig. 6.14(c) a KPFM bias
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Figure 6.13: Secondary ion mass spectrometry data recorded across the pn junction between the
P-doped substrate and the near-substrate B-doped epilayer in the Si:B epilayer sample.

Figure 6.14: Results of the KPFM measurement across the pn junction between the P-doped
substrate and the near-substrate B-doped epilayer in the Si:B epilayer sample. (a) Surface topo-
graphy, (b) KPFM bias, (c) KPFM bias section line (averaged over 20 lines) compared to the
calculated energy differences [EC − EF (n)] and [EV − EF (p)]. Adapted from Ref. [158].
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section line averaged over 20 scan lines probed across the P-doped substrate and the near-
substrate B-doped epilayer is plotted. As can be seen, the KPFM bias probed between the
lateral positions of about -2 µm to 0 µm is distorted. This is ascribed to the space charge
region of the horizontal pn junction. The width of the space charge region amounts to
approximately 800 nm in the P-doped substrate and to about only 20 nm in the B-doped
epilayer. As explained in Sect. 5.2.7.1, injected majority charge carriers drift within the
electric field of the space charge region which partially prevents the screening of unscreened
ionized dopant atoms in the vertical asymmetric electric dipole at the measurement po-
sition. This leads to a distortion, i.e. to an overshoot of the KPFM bias probed across
horizontal pn junctions. Due to the much larger width of the space charge region on the
side of the P-doped substrate, there the largest distortion of the KPFM bias is observed.
However, the KPFM bias values probed in large enough distance from the space charge
region of the horizontal pn junction can be used for a quantitative analysis. It can be
concluded that a lateral KPFM bias variation of approximately 430 mV is probed between
the lateral positions of -3 µm above the P-doped substrate and of 1 µm above the B-doped
epilayer. The probed lateral KPFM bias variation is compared to the new model calcula-
tion in Fig. 6.14(c). The energy difference between Fermi energy and respective band edge
amounts to [EC − EF (n)] ∼= +250 meV in the P-doped substrate and to [EV − EF (p)] ∼=
-170 meV in the B-doped epilayer. Thus, the new KPFM model predicts an energy differ-
ence of 420 meV. This is in good agreement with the probed lateral KPFM bias variation
of 430 mV. Note that the CPD model predicts an energy difference of 700 meV.

6.2.1.2 Independence of the cantilever potential

As discussed in Sect. 5.2.2, a major aspect of the new KPFM model is the independence of
the cantilever potential. For verification of this aspect, KPFM measurements with different
cantilever types have been performed on the cross-sectionally prepared Si:B epilayer sample.
In Fig. 6.15(a) the KPFM bias section lines probed with an n+-type cantilever and with a
p+-type cantilever are presented. As can be seen, both section lines show the same lateral
KPFM bias variation across the epilayer structure and are only shifted slightly on the
UK-scale. This is ascribed to a slightly different offset (Sect. 5.2.4).

The KPFM bias probed above the spacer layers is expected to be distorted by intrinsic
electric fields due to space charge regions forming between the spacer layers and the neigh-
bouring B-doped layers which was discussed in Sect. 3.1.2. These space charge regions
have a width of about 800 nm from the respective pn interface in the 1 µm thick spacer
layers and thus strongly overlap. Therefore, in the following discussion it is focused on the
pn junction between P-doped substrate and near-substrate B-doped epilayer which was
also used to demonstrate quantitative dopant profiling in the preceding Sect. 6.2.1.1. The
results of the cantilever dependent KPFM measurements on this pn junction are shown
in Fig. 6.15(b). The KPFM bias section lines in Fig. 6.15(b) are shifted with respect to
[EC − EF (n)] = [EV − EF (p)] = 0 meV to reach overlay of both spectra for comparison
to the energy differences predicted from the traditional CPD model and the new KPFM
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Figure 6.15: Results of the KPFM measurements on the cross-sectionally prepared Si:B epilayer
sample performed with an n+-type and a p+-type cantilever. KPFM bias section lines (averaged
over 20 scan lines) probed across (a) the whole Si:B epilayer structure and (b) with focus on the pn
junction between P-doped substrate and the near-substrate B-doped epilayer. The KPFM bias
section lines in (b) are shifted with respect to [EC − EF (n)] = [EV − EF (p)] = 0 meV to reach
overlay of both spectra for comparison to the energy differences predicted from the traditional
CPD model and the new KPFM model.

model. For both cantilever types a lateral KPFM bias variation of approximately 430 mV
is probed which is in good agreement with the new model calculation of [EC − EF (n)] ∼=
+250 meV in the P-doped substrate and to [EV − EF (p)] ∼= -170 meV in the B-doped
epilayer.

For comparison, the traditional CPD model calculation is plotted for the n+-type and the
p+-type cantilever with respect to the energy scale in Fig. 6.15(b). As was illustrated in
Fig. 5.2 and explained in Sect. 5.1, positive CPD values are calculated for the n+-type



88 6 RESULTS

cantilever while the p+-type cantilever results in negative CPD values. In particular, the
CPD values expected for the n+-type cantilever amount to [CPD(n,n+-probe)]= +250 meV
in the P-doped substrate and to [CPD(p,n+-probe)]= +950 meV in the B-doped epilayer.
The CPD values for the p+-type cantilever amount to [CPD(n,p+-probe)]= -870 meV in
the P-doped substrate and to [CPD(p,p+-probe)]= -170 meV in the B-doped epilayer. The
absolute value of the lateral variation of the contact potential difference ∆CPD(p,n) equals
the built-in potential of the pn junction and amounts to 700 meV for both cantilever types.

It can be concluded from the comparison given in Fig. 6.15(b) that neither the absolute
energy difference of 700 meV predicted from the CPD model nor the dependence on the
cantilever potential is in agreement with the probed KPFM bias. The lateral KPFM bias
variation probed across the pn junction is independent of the applied cantilever type which
can only be explained within the new KPFM model (Sect. 5.2.2).

6.2.1.3 Frequency dependent KPFM measurements

For investigation of the influence of intrinsic electric fields in the cross-sectionally prepared
Si:B epilayer sample, KPFM measurements in dependence on the operation frequency fac

have been performed. An ac-bias of 6 V has been applied during the frequency dependent
KPFM measurements. In Fig. 6.16 the results of the frequency dependent KPFM mea-
surements are presented. The Si:B epilayer sample has been scanned with an n+-type and
a p+-type cantilever. Additionally, scans in 1D and 2D mode have been performed with
each cantilever type. In 1D mode the cantilever is scanned repeatedly across the same
line, while in 2D mode the cantilever is moved laterally for a line-wise scan of a certain
measurement area.

As can be seen in Fig. 6.16 the probed lateral KPFM bias variation changes in dependence
on the operation frequency. Note that this result is in strong contrast to the SRAM and
DRAM cells where a frequency independent lateral KPFM bias variation was observed
(Sects. 6.1.1.2 and 6.1.2.2). In the Si:B epilayer sample it is found that the lateral KPFM
bias variation between the differently doped layers decreases with decreasing operation
frequency. Finally, the same KPFM bias, i.e. the substrate value, is probed across the whole
epilayer structure. This effect is strongest for the central B-doped epilayer at approximately
4 µm and weakest for the near-resin B-doped epilayer at approximately 8 µm.

Note that the strong KPFM bias peak at approximately 8.5 µm remains detectable even
at small operation frequencies. The strongly distorted KPFM bias at this measurement
position is ascribed to the sample structure. As shown schematically in Fig. 6.17 a native
oxide layer has to be considered at the original surface of the wafer. After cross-sectional
preparation, the original wafer surface with the asymmetric electric dipole and the native
oxide layer is arranged vertically. As explained in detail for the vertical topographic steps
of the SRAM cell (Sect. 6.1.1.1), a thick vertical oxide may strongly distort the KPFM
bias. The maximum thickness of the horizontal asymmetric electric dipole amounts to
only about 70 nm in the near-resin B-doped epilayer and can not be distinguished from
the distortion due to the vertical oxide layer.
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Figure 6.16: Results of the frequency dependent KPFM measurement on the cross-sectionally
prepared Si:B epilayer sample performed with an n+-type and a p+-type cantilever. The KPFM
bias of scans with 130 kHz, 90 kHz, 70 kHz, 40 kHz, 20 kHz and 10 kHz is shown for (a) an
n+-type cantilever in 1D mode, (b) an n+-type cantilever in 2D mode, (c) a p+-type cantilever
in 1D mode, and (d) a p+-type cantilever in 2D mode. Adapted from Ref. [160].

For the detailed discussion of the observed frequency dependence of the KPFM bias probed
across the Si:B epilayer sample, section lines from the results presented in Fig. 6.16 are
plotted in Fig. 6.18. The small difference between the KPFM bias section lines along the
lateral position in Fig. 6.18 is ascribed to the different measurement position during the
KPFM scans.

Three major conclusions can be deduced from the results illustrated in Fig. 6.18.

First of all, the lateral KPFM bias variation is saturated and maximal for large operation
frequencies. This aspect can be seen in Fig. 6.18(a), where the KPFM bias section lines
probed with a p+-type cantilever at 130 kHz and 90 kHz are illustrated. It is obvious that
for 130 kHz and 90 kHz the lateral KPFM bias variation does not depend on the operation
frequency and the probed lateral KPFM bias variation may be used for quantitative dopant
profiling.

The second important aspect is the different frequency dependence for scans in 1D and
2D mode as illustrated in 6.18(b). As can be seen, the lateral KPFM bias variation
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Figure 6.17: Schematic illustration of the interface between the wafer and the surrounding resin
in the cross-sectionally prepared Si:B epilayer sample. Additional to the vertical asymmetric
electric dipole formed at the cross-section surface, a horizontal asymmetric electric dipole is
formed at the interface between wafer and resin, i.e. at the original wafer surface. Adapted from
Ref. [160].

probed in 2D mode shows a much stronger frequency dependence. Already at 70 kHz a
significant difference between the 1D and 2D scan lateral KPFM bias variation occurs. At
the operation frequency of 10 kHz a small lateral KPFM bias variation is detected between
the differently doped regions in the 1D scan. The 2D scan at 10 kHz reveals only the peak
at approximately 8.5 µm, i.e. at the interface between wafer and resin.
The final remark concerns the frequency dependence with respect to the applied cantilever.
As can be seen in Fig. 6.18(c) the same decrease of the lateral KPFM bias variation is
observed for the n+-type and the p+-type cantilever. It can be deduced that the frequency
dependence of the lateral KPFM bias variation probed across the Si:B epilayer structure
is independent of the applied cantilever type.
In general, it can be concluded from Fig. 6.18 that the observed frequency dependence
of the lateral KPFM bias variation is independent of the cantilever material, reproducible
and sample-specific.

For a final overview over the frequency dependence, the unshifted KPFM bias section lines
of the 1D scan performed with the p+-type cantilever presented in Fig. 6.16(c) are shown
in Fig. 6.19. In Fig. 6.19(a) the KPFM bias section lines probed across the whole Si:B
epilayer are given. Note that the epilayer structure appears smaller in the KPFM bias
scans than the expected value of 11 µm (Sect. 3.1.2). This is ascribed to a deviation of
the scaling factor in the piezo calibration for large scan ranges. In Fig. 6.19(b) the focus
lies on the pn junction between the P-doped substrate and the B-doped near-substrate
epilayer which was used to demonstrate quantitative dopant profiling in Sect. 6.2.1.1.
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Figure 6.18: KPFM bias section lines of the frequency dependent KPFM measurements across
the Si:B epilayer sample presented in Fig. 6.16. The section lines are shifted on the UK-scale to
reach overlay of the spectra. (a) KPFM bias section lines probed in 1D mode at 130 kHz and
90 kHz with a p+-type cantilever, (b) Comparison of the lateral KPFM bias variation of KPFM
scans in 1D and 2D mode probed with a p+-type cantilever at 70 kHz, 40 kHz and 10 kHz, (c)
Comparison of the lateral KPFM bias variation of KPFM scans in 1D mode probed with an
n+-type and a p+-type cantilever at 70 kHz, 40 kHz and 10 kHz. Adapted from Ref. [160].
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Figure 6.19: KPFM bias section lines of the frequency dependent 1D KPFM scan performed
with a p+-type cantilever presented in Fig. 6.16(c). Unshifted KPFM bias section lines probed
(a) across the whole Si:B epilayer structure, and (b) across the pn junction between P-doped
substrate and B-doped near-substrate epilayer. Adapted from Ref. [160].

The observed sample-specific frequency dependence of the lateral KPFM bias variation
probed across the Si:B epilayer is related with the KPFM measurement principle and
the sample-specific drift and diffusion of charge carriers. The surface region of the cross-
sectionally prepared Si:B epilayer sample with focus on the horizontal pn junction between
P-doped substrate and the near-substrate B-doped epilayer is illustrated schematically in
Fig. 6.20.
The maximum thickness of the surface space charge regions has been estimated by means
of Eq. (5) and amounts to 535 nm in the substrate and to 105 nm in the B-doped epilayer.
Note that the interface between neighbouring surface space charge regions in the Si:B
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Figure 6.20: Schematic cross-sectional illustration of the surface region of the cross-sectionally
prepared Si:B epilayer sample with focus on the P-doped substrate and the near-substrate B-
doped epilayer. The maximum thickness of the surface space charge region (green) amounts to
535 nm in the substrate and to 105 nm in the epilayer. The diffusion between neighbouring
surface space charge regions along x (red) and the ac-drift along z (blue) are indicated.

epilayer is thus much larger than in the SRAM and DRAM cell.

In contrast to the conventional SRAM and DRAM cells with mainly vertical pn junctions
(Sect. 6.1), the cross-sectionally prepared Si:B epilayer sample contains differently doped
regions with horizontal pn junctions in between (Fig. 6.20). Note that the horizontal pn
junctions in the cross-sectionally prepared Si:B epilayer sample run from the top to the
bottom of the 6 mm thick sample.

Similar to the simple approximation discussed for the SRAM cell in Sect. 6.1.1.2, in the
following ac-drift and diffusion are estimated for the cross-sectionally prepared Si:B epilayer
sample. The ac-drift velocity has been calculated for 130 kHz and 10 kHz at an effective
ac-bias of 6 V by means of Eq. (38) for electrons and is plotted in Fig. 6.21. The calculated
ac-drift velocity vac−drift corresponds to an electron mobility of about 1530 cm2/Vs. The
diffusion velocity which is typically in the order of vdiff = 1×103 cm/s in Si (Sect. 6.1.1.2)
is indicated as red line. Note that the maximum ac-drift velocity amounts to 2.2 × 104

cm/s and is thus almost one order of magnitude smaller than in the SRAM and DRAM
cell (Sects. 6.1.1.2 and 6.1.2.2). This is due to the much larger sample thickness of 6 mm
of the cross-sectionally prepared Si:B epilayer compared to the only 1 mm thick SRAM
and DRAM samples. The smaller maximum ac-drift velocity results in an enhanced time
period in which the diffusion velocity is larger than the ac-drift velocity. From the plot
of the ac-drift velocity vac−drift on the small time scale in Fig. 6.21(b) the time periods
in which the condition vac−drift < vdiff is fulfilled are estimated. The time periods are
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Figure 6.21: AC-drift velocity in the cross-sectionally prepared Si:B epilayer sample calculated
for electrons by means of Eq. (38) for the operation frequencies 130 kHz and 10 kHz at an effective
ac-bias of 6 V. Plot over (a) 1 × 10−4 s corresponding to a period Tac of the 10 kHz-oscillation
and (b) 2× 10−6 s for investigation of the time period in which vac−drift < vdiff is fulfilled. The
constant diffusion velocity vdiff of 1× 103 cm/s is indicated as a red line.

listed in Tab. 6.5, where also the calculated diffusion range is given. The diffusion range
amounts to 600 nm at an operation frequency of 130 kHz and to 7400 nm at 10 kHz.
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Table 6.5: Diffusion in the cross-sectionally prepared Si:B epilayer sample. Time period in
which the condition vac−drift < vdiff is fulfilled for the operation frequencies 130 kHz and 10
kHz. Additionally, the diffusion range of charge carriers in the respective time period is given.

Operation frequency fac Time period of vac−drift < vdiff Diffusion range

(kHz) (s) (nm)

130 0.6× 10−7 600

10 7.4× 10−7 7400

The discussed rough estimation of ac-drift and diffusion enables conclusions about the
observed frequency dependence of the lateral KPFM bias variation probed across the S:B
epilayer sample. With respect to the sample structure given in Fig. 6.20 it can be concluded
that at an operation frequency of 130 kHz, diffusion of charge carriers between neighbouring
surface space charge regions only locally distorts the KPFM bias measurement. On the
n-side of the investigated pn junction, i.e. in the P-doped substrate, the diffusion range
of 600 nm is smaller than the space charge region with a width of 800 nm where injected
charge carriers always drift along x-direction. Thus, for 130 kHz no detectable influence of
diffusing charge carriers is expected on the n-side. On the p-side of the pn junction, i.e. in
the B-doped epilayer, charge carriers from the neighbouring surface space charge region of
the P-doped substrate are expected to diffuse about 600 nm into the surface space charge
region of the B-doped epilayer. The B-doped epilayer has a width of 3 µm. Therefore,
only the KPFM bias probed above the central part of the B-doped epilayer is expected
not to be influenced by diffusion of charge carriers. For 130 kHz, the lateral KPFM bias
variation probed between the center of the B-doped epilayer and the P-doped substrate in
a suitable distance from the pn interface is not distorted by charge carrier diffusion and
can thus be correlated with the local dopant concentration via Eqs. (6) and (7).
However, with decreasing operation frequency, the diffusion time and range increases. For
10 kHz a diffusion range of 7400 nm is estimated. Charge carriers are able to diffuse into
neighbouring surface space charge regions, in particular into the center of the 3 µm thick
near-substrate B-doped epilayer, and partially remove the vertical asymmetric electric di-
pole. The KPFM measurement is strongly distorted and a much smaller lateral KPFM
bias variation is probed compared to the value at 130 kHz.

It can be concluded that the lateral KPFM bias variation probed across the Si:B epilayer
sample decreases with decreasing operation frequency fac due to the fact that the un-
screened immobile ionized dopant atoms in the surface space charge regions are partially
screened by charge carriers diffusing from and into neighbouring surface space charge re-
gions along x-direction (Fig. 6.20). As a consequence, at smaller operation frequencies a
decreased lateral KPFM bias variation is measured which can not be related quantitatively
with the local dopant concentration via Eqs. (6) and (7).
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As discussed in Sect. 6.1.1.2 the presented estimation of ac-drift and diffusion is only a
very simple approximation of the complex dynamic transport phenomena in semiconduct-
ing samples during the KPFM measurement. However, the presented calculations allow
simple conclusions about the order of magnitude of ac-drift and diffusion and provide a
possible explanation for the frequency dependence observed in the Si:B epilayer samples
in contrast to the frequency independence observed in the SRAM and the DRAM cell.

The observed different frequency dependence of the KPFM bias probed in 1D and 2D
mode possibly result from the laser illumination during the KPFM measurement. In 1D
mode, the cantilever is scanned repeatedly across the same line which is thus permanently
shadowed by the cantilever. Only charge carriers accumulated via the applied ac-bias may
diffuse between neighbouring surface space charge regions in the time periods in which
the condition vac−drift < vdiff is fulfilled and partially remove the vertical asymmetric
electric dipole. In 2D mode, the cantilever is moved laterally for a line-wise scan of the
measurement area and thus scans above regions which have not been shadowed by the
cantilever. Those sample regions suffer illumination from the red laser diode which causes
photogeneration of charge carriers. The photogenerated charge carriers also may diffuse
between neighbouring surface space charge regions along x-direction in the Si:B epilayer
sample. Thus, in 2D mode the asymmetric electric dipole is removed at small operation
frequencies by diffusing charge carriers accumulated via the applied ac-bias as well as by
photogenerated charge carriers. Therefore, the influence of charge carrier diffusion between
neighbouring surface space charge regions and thus the distortion of the probed KPFM
bias at smaller operation frequencies is enhanced in 2D mode compared to 1D mode scans.

Figure 6.22: Cantilever position above the cross-sectionally prepared Si:B epilayer sample during
the KPFM measurement. (a) Picture of the cross-sectionally prepared Si:B sample embedded in
resin. Part of the resin has been cut for fitting the sample into the KPFM setup. (b) Schematic
illustration of the cantilever position partially covering the substrate region and the surrounding
resin during the KPFM measurement. The scan line across the epilayer structure is illustrated
as blue arrow.
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It was observed that the KPFM bias probed at small operation frequencies shifts towards
the substrate value. This is due to the fact that in the substrate region of the Si:B epi-
layer sample, diffusion of charge carriers has less influence on the probed KPFM bias.
At increasing distance to the neighbouring substrate-near B-doped epilayer the number of
charge carriers which reach and partially remove the vertical asymmetric electric dipole at
the measurement position decreases. In large distance from the pn junction the KPFM
bias probed on the P-doped substrate is not influenced by diffusing charge carriers and
remains correlated with the local dopant concentration even for small operation frequen-
cies. Therefore, at smaller operation frequencies the substrate starts to play an important
role. It has to be kept in mind that the cantilever covers a huge part of the P-doped
substrate region during the KPFM measurement across the Si:B epilayer sample as shown
schematically in Fig. 6.22. If due to diffusion of charge carriers between neighbouring
surface space charge regions along x-direction at small operation frequencies the vertical
asymmetric electric dipole in the 11 µm long epilayer structure is almost removed all over
the time, only the contribution of the P-doped substrate region to electrostatic forces de-
termines the measured KPFM signal. In this case, the KPFM bias across the whole Si:B
epilayer sample equals the substrate value.

In general, for sample structures where the accessible operation frequency is not large
enough to exclude the change of the vertical asymmetric electric dipole at the measure-
ment position by diffusing charge carriers between neighbouring surface space charge re-
gions, quantitative dopant profiling by means of Eqs. (6) and (7) is not possible. As long
as the vertical asymmetric electric dipole in the surface region is removed by additional
charge carriers, the probed KPFM bias can not be related with the local dopant con-
centration. It is of utmost importance to investigate the sample-specific intrinsic electric
fields and related drift and diffusion of charge carriers for any sample before attempting a
quantitative interpretation of the measured KPFM bias. For the Si:B epilayer sample op-
eration frequencies larger than 90 kHz [Fig. 6.18(a)] have to be applied in order to ensure
a negligible contribution of diffusion of injected charge carriers along x-direction between
neighbouring surface space charge regions.

6.2.1.4 AC-bias dependent KPFM measurements

In addition to the frequency dependent KPFM measurements discussed in the preceding
Sect. 6.2.1.3, the dependence on the ac-bias has been investigated for the cross-sectionally
prepared Si:B epilayer sample. An operation frequency of 130 kHz has been applied during
the ac-bias dependent KPFM measurements performed with an n+-type cantilever.

In Fig. 6.23(a) the section lines of the KPFM bias recorded at ac-biases with the effective
values of 6 V, 5 V, 4 V and 3 V are presented. For discussion of the ac-bias dependence
the focus lies on the pn junction between P-doped substrate and B-doped near-substrate
epilayer which is shown in Fig. 6.23(b). As can be seen, the lateral KPFM bias variation
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Figure 6.23: Results of the ac-bias dependent 1D KPFM measurement on the cross-sectionally
prepared Si:B epilayer sample performed with an n+-type cantilever. KPFM bias section lines
(averaged over 20 lines) probed (a) across the whole Si:B epilayer structure, and (b) across the
pn junction between the P-doped substrate and the B-doped near-substrate epilayer. The section
lines are shifted on the UK-scale to reach overlay of the spectra.

decreases only slightly for the ac-biases of 6 V, 5 V and 4 V. However, for an ac-bias of 3 V
a much smaller lateral KPFM bias variation is probed. Note that this observation can not
be ascribed to an ac-bias-induced band bending (Sect. 5.2.4). This is due to the fact that
for the same measurement parameters no ac-bias dependence was observed for the SRAM
cell (Sect. 6.1.1.3).
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The reason for the observed ac-bias dependence of the lateral KPFM bias variation probed
across the Si:B epilayer sample is an increasing influence of diffusing charge carriers between
neighbouring surface space charge regions at decreasing ac-bias. Similar to the discussion
of the frequency dependence of the Si:B epilayer sample in the preceding Sect. 6.2.1.3,
ac-drift and diffusion are estimated in the following for the different applied ac-biases.
The ac-drift velocity has been calculated in dependence on the applied ac-bias for the op-
eration frequency fac of 130 kHz by means of Eq. (38) for electrons and is plotted in Fig.
6.24. The calculated ac-drift velocity vac−drift is related with an electron mobility of about
1530 cm2/Vs. The typical diffusion velocity in the order of vdiff = 1×103 cm/s in Si (Sect.
6.1.1.2) is indicated as red line. From the plot on a smaller time scale in Fig. 6.24(b) the
time periods in which the condition vac−drift < vdiff is fulfilled are estimated. The values
are listed in Tab. 6.6 where also the correlated diffusion range is given. As can be seen, the
diffusion range increases with decreasing ac-bias. For ac-biases of 6 V and 5 V the range
amounts to 600 nm and 700 nm, which is still smaller than the width of the space charge
region in the P-doped regions of the Si:B epilayer sample and not large enough to enable
charge carrier diffusion to the center of the near-substrate B-doped epilayer. For these
ac-biases the center of the 3 µm thick B-doped epilayer is expected not to be influenced by
charge carriers diffusing from the P-doped substrate. Thus, the KPFM bias probed above
the center of the B-doped epilayer is related to the local dopant concentration. When
further decreasing the ac-bias, the diffusion time and thus the diffusion range increases
and amounts to more than 1 µm at 3 V (Tab. 6.6). Charge carriers are able to diffuse
into neighbouring surface space charge regions, in particular almost into the center of the
3 µm thick near-substrate B-doped epilayer, and partially remove the vertical asymmetric
electric dipole. The lateral KPFM bias variation probed between the center of the B-doped
epilayer and the P-doped substrate in suitable distance from the pn interface can not be
related quantitatively to the local dopant concentration via Eqs. (6) and (7).

In conclusion, the observed ac-bias dependence can not be ascribed to ac-bias-induced
band bending but is caused by diffusion of charge carriers between neighbouring surface

Table 6.6: Diffusion in the cross-sectionally prepared Si:B epilayer sample. Time period in which
the condition vac−drift < vdiff is fulfilled in dependence on the applied ac-bias. Additionally, the
diffusion range of charge carriers in the respective time period is given.

Effective ac-bias Uac AC-bias peak Time period of vac−drift < vdiff Diffusion range

(V) (V) (s) (nm)

6 ±8.5 0.6× 10−7 600

5 ±7.1 0.7× 10−7 700

4 ±5.7 0.9× 10−7 900

3 ±4.2 1.1× 10−7 1100
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Figure 6.24: AC-drift velocity in the cross-sectionally prepared Si:B epilayer sample calculated for
electrons by means of Eq. (38) for the effective ac-bias values 6V, 5V, 4V and 3V at the operation
frequency fac of 130 kHz. Plot over (a) 7.7 × 10−6 s corresponding to a period Tac of the 130
kHz-oscillation and (b) 2× 10−7 s for estimation of the time period in which vac−drift < vdiff is
fulfilled. The constant diffusion velocity vdiff of 1× 103 cm/s is indicated as a red line.

space charge regions. A large enough ac-bias, i.e. Uac > 3V, has to be applied in order to
minimize the influence of diffusion of charge carriers and thus to ensure the quantitative
correlation between the probed KPFM bias and the local dopant concentration.
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6.2.2 Si:P epilayer sample

6.2.2.1 Quantitative dopant profiling

For verification of the results of the KPFM measurements on the cross-sectional Si:B epi-
layer sample, additionally a Si:P epilayer with inverse doping profile (Sect. 3.1.2) has been
investigated. The measurements focus on the pn junction between the B-doped substrate
and the near-substrate P-doped epilayer in order to avoid the influence of local intrinsic
electric fields due to overlapping space charge regions in the narrow spacer regions (Sect.
3.1.2).

In Fig. 6.25 results of a SIMS measurement across the B-doped substrate and the near-
substrate P-doped epilayer are presented. A discrete drop of the P-concentration is ob-
served at the lateral position of the abrupt pn junction at 0 µm. This indicates a smaller
influence of sputtering artefacts which strongly distorted the SIMS data of the inversely
doped Si:B epilayer sample discussed in Sect. 6.2.1.1. From the SIMS results shown in
Fig. 6.25 a B-concentration of about 1.0 × 1015 cm−3 can be deduced for the substrate.
The substrate-near epilayer contains P with a concentration of approximately 6.5 × 1015

cm−3.

After the SIMS measurements the Si:P epilayer sample has been prepared cross-sectionally
for KPFM. The KPFM measurements have been carried out with an n+-type cantilever
at an ac-bias of 6 V and an operation frequency of 130 kHz. The results of the KPFM
measurements across the pn junction between the B-doped substrate and the near-substrate
P-doped epilayer are illustrated in Fig. 6.26. In Fig. 6.26(a) and (b) the simultaneously
probed surface topography and KPFM bias are given. The KPFM bias section line across
the horizontal pn junction averaged over 20 lines is plotted in Fig. 6.26(c). Between the B-
doped substrate and the P-doped epilayer a lateral KPFM bias variation of approximately
510 mV is probed. The measured KPFM bias variation is compared to the new model
calculation in Fig. 6.26(c).
The energy difference between Fermi energy and respective band edge amounts to
[EC − EF (n)] ∼= +210 meV in the P-doped epilayer and to [EV − EF (p)] ∼= -260 meV in
the B-doped substrate. In conclusion, an energy difference of 470 meV is predicted from
the new KPFM model which is in reasonable agreement with the probed lateral KPFM
bias variation of 510 mV. Note that the CPD model predicts an energy difference of 650
meV.
As explained for the Si:B epilayer sample in Sect. 6.2.1.1, the distortion of the probed
KPFM bias at the lateral position of -3 µ to 0 µm can be ascribed to drift of injected
majority charge carriers within the intrinsic electric field of the space charge region of the
horizontal pn junction.
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Figure 6.25: Secondary ion mass spectrometry data recorded across the pn junction between the
B-doped substrate and the near-substrate P-doped epilayer in the Si:P epilayer sample.

Figure 6.26: Results of the KPFM measurement across the pn junction between the B-doped
substrate and the near-substrate P-doped epilayer in the Si:P epilayer sample. (a) Surface topo-
graphy, (b) KPFM bias, (c) KPFM bias section line (averaged over 20 lines) compared to the
calculated energy differences [EC − EF (n)] and [EV − EF (p)]. Adapted from Ref. [158].
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6.2.2.2 Frequency dependent KPFM measurements

Similar to the frequency dependent KPFM measurements performed on the Si:B epilayer
(Sect. 6.2.1.3) the Si:P epilayer sample has be examined at decreasing operation frequency.
The KPFM bias was recorded at the operation frequencies fac 130 kHz, 90 kHz, 70 kHz, 40
kHz, 20 kHz, 10 kHz, and 5 kHz at an ac-bias of 6 V. The results of the KPFM measurement
across the whole Si:P epilayer structure are presented in Fig. 6.27(a) while in Fig. 6.27(b)
the focus lies on the pn junction between B-doped substrate and near-substrate P-doped
epilayer which was used to demonstrate quantitative dopant profiling in the preceding Sect.
6.2.2.1.

Figure 6.27: KPFM bias section lines of the frequency dependent 1D KPFM scan performed with
a p+-type cantilever. Unshifted KPFM bias section lines probed (a) across the whole Si:P epilayer
structure, and (b) across the pn junction between B-doped substrate and P-doped near-substrate
epilayer.
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Figure 6.28: Schematic cross-sectional illustration of the surface region of the cross-sectionally
prepared Si:P epilayer sample with focus on the B-doped substrate and the near-substrate P-
doped epilayer. The maximum thickness of the surface space charge region (green) amounts to
625 nm in the substrate and to 265 nm in the epilayer. The diffusion between neighbouring
surface space charge regions along x (red) and the ac-drift along z (blue) are indicated.

The observed frequency dependence of the lateral KPFM bias variation is in agreement
with the results of the Si:B epilayer sample. The probed lateral KPFM bias variation
between the differently doped regions of the Si:P epilayer sample decreases with decreasing
operation frequency. Additionally, with decreasing operation frequency the KPFM bias
values shift towards the substrate value.

Similar to the Si:B epilayer sample, the frequency dependence of the lateral KPFM bias
variation probed across the Si:P epilayer sample is ascribed to an increasing contribution
of diffusing charge carriers between neighbouring surface space charge regions. The surface
region of the cross-sectionally prepared Si:P epilayer sample with focus on the horizontal pn
junction between B-doped substrate and the near-substrate P-doped epilayer is illustrated
schematically in Fig. 6.28. Similar to the Si:B epilayer sample, only horizontal pn junctions
occur in the 7.5 mm thick cross-sectional prepared Si:P epilayer sample.
The maximum thickness of the surface space charge regions has been estimated by means
of Eq. (5) and amounts to 625 nm in the substrate and to 265 nm in the P-doped epilayer.
Note that the interface between neighbouring surface space charge regions in the Si:P epi-
layer is even larger than in the Si:B epilayer (Sect. 6.2.1.3).

For an estimation of the time period in which diffusion between neighbouring surface space
charge regions dominates the ac-drift, the ac-drift velocity of electrons has been calculated
for 130 kHz and 10 kHz at an effective ac-bias of 6 V by means of Eq. (38). The maximum
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Table 6.7: Diffusion in the cross-sectionally prepared Si:P epilayer sample. Time period in
which the condition vac−drift < vdiff is fulfilled for the operation frequencies 130 kHz and 10
kHz. Additionally, the diffusion range of charge carriers in the respective time period is given.

Operation frequency fac Time period of vac−drift < vdiff Diffusion range

(kHz) (s) (nm)

130 0.7× 10−7 700

10 9.2× 10−7 9200

ac-drift velocity amounts to 1.8×104 cm−3 cm/s and is smaller than the maximum ac-drift
velocity in the thinner Si:B epilayer sample. The calculated ac-drift velocity vac−drift has
been compared to the typical diffusion velocity in the order of vdiff = 1× 103 cm/s in Si
(Sect. 6.1.1.2) for an estimation of the time periods in which vac−drift < vdiff is fulfilled. In
Tab. 6.7 the time periods and the corresponding diffusion ranges are listed. The diffusion
range amounts to 700 nm for 130 kHz and is increased by about one order of magnitude
to 9200 nm for 10 kHz. From this rough estimation it can be concluded that for small
operation frequencies charge carriers diffuse into neighbouring surface space charge regions
and partially remove the asymmetric electric dipole on a large lateral scale. The KPFM
bias is distorted and can not be related quantitatively to the local dopant concentration via
Eqs. (6) and (7). For quantitative KPFM measurements it is therefore essential to apply a
large enough operation frequency, i.e. 130 kHz in the Si:P epilayer sample, to disable diffu-
sion of charge carriers in particular into the central part of the 3 µm thick P-doped epilayer.

The observed shift of the KPFM bias towards the substrate value for small operation fre-
quencies is ascribed to the increased contribution of the electrical signal from the substrate
when the vertical asymmetric electric dipole in the 11 µm long Si:P epilayer structure is
partially removed by charge carriers diffusing between neighbouring surface space charge
regions. In this case, the KPFM bias probed above the epilayer structure reflects the
substrate value [Fig. 6.27].

6.2.2.3 AC-bias dependent KPFM measurements

For the investigation of bias-induced band bending (Sect. 5.2.5), ac-bias dependent KPFM
measurements comparable to the measurements carried out on the Si:B epilayer sample
(Sect. 6.2.1.4) have been performed on the Si:P epilayer sample. For the KPFM measure-
ments an n+-type cantilever and an operation frequency of 130 kHz have been applied.

The results of the ac-bias dependent KPFM measurements on the Si:P epilayer sample
are presented in Fig. 6.29. In Fig. 6.29(a) the section lines of the KPFM bias recorded
across the whole Si:P epilayer structure at ac-biases with the effective values of 6 V, 5 V,
4 V and 3 V are shown. For discussion of the ac-bias dependence the focus lies on the pn
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Figure 6.29: Results of the ac-bias dependent 1D KPFM measurement on the cross-sectionally
prepared Si:P epilayer sample performed with an n+-type cantilever. KPFM bias section lines
(averaged over 20 lines) probed (a) across the whole Si:P epilayer structure, and (b) across the
pn junction between B-doped substrate and P-doped near-substrate epilayer. The section lines
are shifted on the UK-scale to reach overlay of the spectra.

junction between B-doped substrate and P-doped near-substrate epilayer in Fig. 6.29(b).
As can be seen, the probed lateral KPFM bias variation decreases with decreasing ac-bias.
Note that this observation can not be ascribed to an ac-bias-induced band bending (Sect.
5.2.4) due to the fact that for the same measurement parameters no ac-bias dependence
was observed for the SRAM cell (Sect. 6.1.1.3).
The observed ac-bias dependence of the lateral KPFM bias variation probed across the
Si:P epilayer sample has to be ascribed to an increasing influence of diffusion of charge
carriers between neighbouring surface space charge regions at decreasing ac-bias. In the
following the contributions of ac-drift and diffusion are estimated.
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Table 6.8: Diffusion in the cross-sectionally prepared Si:P epilayer sample. Time period in which
the condition vac−drift < vdiff is fulfilled in dependence on the applied ac-bias. Additionally, the
diffusion range of charge carriers in the respective time period is given.

Effective ac-bias Uac AC-bias peak Time period of vac−drift < vdiff Diffusion range

(V) (V) (s) (nm)

6 ±8.5 0.7× 10−7 700

5 ±7.1 0.9× 10−7 900

4 ±5.7 1.1× 10−7 1100

3 ±4.2 1.4× 10−7 1400

The ac-drift velocity has been calculated in dependence on the applied ac-bias for the
operation frequency fac of 130 kHz by means of Eq. (38) for electrons and compared to
the typical diffusion velocity in the order of vdiff = 1 × 103 cm/s in Si (Sect. 6.1.1.2).
The time periods in which the condition vac−drift < vdiff is fulfilled are listed in Tab. 6.8
where also the correlated diffusion ranges are given. As can be seen, the diffusion range
increases with decreasing ac-bias. For an ac-bias of 6 V the diffusion range amounts to 700
nm, while for 3 V the diffusion range is increased to 1400 nm.
It can be concluded that for 6 V KPFM bias probed above the center of the 3 µm thick
P-doped epilayer is not distorted by charge carriers diffusing from neighbouring surface
space charge regions. The KPFM bias probed above the center of the P-doped epilayer
is thus correlated with the local dopant concentration via Eqs. (6) and (7). Also in the
B-doped substrate in a suitable distance from the pn interface no detectable influence of
charge carriers diffusing from the P-doped epilayer is expected. However, at an ac-bias
of 3 V charge carriers from neighbouring surface space charge regions are able to diffuse
to the center of the 3 µm thick P-doped epilayer and thus distort the KPFM bias mea-
surement on a large scale. The vertical asymmetric electric dipoles in the 11 µm long S:P
epilayer structure are removed partially by charge carriers diffusing from and into neigh-
bouring surface space charge regions, and the probed lateral KPFM bias variation can not
be quantitatively correlated with the local dopant concentrations via Eqs. (6) and (7).

In conclusion, the observed ac-bias dependence of the lateral KPFM bias variation probed
across the Si:P epilayer sample can not be ascribed to ac-bias-induced band bending. The
distortion is caused by diffusion of charge carriers from and into neighbouring surface space
charge regions and the partial removal of the vertical asymmetric electric dipole. A large
enough ac-bias, i.e. Uac > 5 V in the Si:P epilayer sample, has to be applied to prevent
diffusion of charge carriers and thus to ensure the quantitative correlation between the
probed KPFM bias and the local dopant concentration.
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6.3 Horizontal silicon nanowires

In this section the results of KPFM measurements performed on horizontal Si NW arrays
introduced in Sect. 3.1.3 are presented. Horizontal Si NWs are a starting point for gate-
all-around MOSFETs. The main focus of the investigations lies on the homogeneity of the
dopant distribution and on the shape of the Si NWs which both are essential requirements
for GAA MOSFET devices.

The KPFM measurements have been carried out by means of an n+-type cantilever. During
the measurements an ac-bias of 6 V and an operation frequency of 130 kHz have been
applied.

6.3.1 Dopant distribution

6.3.1.1 Implanted silicon nanowires

First, the NW samples are discussed in which both the Si pad and the NWs are implanted.

The results of the KPFM measurements performed on the B-implanted sample are illus-
trated in Fig. 6.30. In Fig. 6.30(a) and (b) the simultaneously probed surface topography
and KPFM bias are presented. The investigated section line along the Si pad and one Si
NW is illustrated as a blue line in the KPFM bias image. The corresponding KPFM bias
section line is plotted in Fig. 6.30(c). The implanted Si pad and NW contain B with a
concentration of 1× 1020 cm−3 which was deduced from the Athena simulations presented
in Sect. 3.1.3. The corresponding calculated energy difference between Fermi level and
valence band maximum amounts to [EV − EF (p)] ∼= -30 meV. The comparison between
the measured KPFM bias and the new model calculation is shown in Fig. 6.30(c).

From the sample preparation the same dopant concentration and thus also the same KPFM
bias is expected to be probed across the Si pad and the NWs. However, a steadily increasing
KPFM bias is observed along the investigated section line. As can be seen in Fig. 6.30(c)
the KPFM bias increases by about 80 mV between the measurement position above the Si
pad at -4 µm and above the Si NW at 7 µm.

The same characteristic of the KPFM bias is observed at the As-implanted NW sample. In
Fig. 6.31 the results of the KPFM measurement on the As-implanted Si pad and one NW
are illustrated. The simultaneously probed surface topography and KPFM bias are shown
in Fig. 6.31(a) and (b). In the surface topography and the KPFM bias image a contamina-
tion is observed on the SiO2 near the edge of the Si pad. This contamination is ascribed to
the preparation process and identified as remains of photoresist. The investigated section
line across the Si pad the NW which is marked as a blue line in the KPFM bias image
is not expected to be influenced by the contamination. The KPFM bias probed along
the section line is plotted in Fig. 6.31(c). The As-concentration deduced from Athena
simulations (Sect. 3.1.3) amounts to 5× 1020 cm−3 and is related to the energy difference
[EC − EF (n)] ∼= 0 meV. In Fig. 6.31(c) the comparison between the measured KPFM bias
and the calculated energy difference is given.
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Figure 6.30: Results of the KPFM measurement on the sample with B-implanted pad and
nanowires (NWs). (a) Surface topography, (b) KPFM bias with marked investigated section line,
(c) KPFM bias section line (averaged over 10 lines) compared to the calculated energy difference
[EV − EF (p)].

As can be seen in Fig. 6.31(c) the KPFM bias increases by about 60 mV between the
measurement position above the Si pad at -3 µm and above the Si NW at 7 µm.

The observed increase of the KPFM bias probed above the B-implanted and As-implanted
NWs indicates a decreasing dopant concentration. For example, the deviation of 80 mV in
the B-implanted NW compared to the Si pad indicates a decrease of the dopant concen-
tration from 1× 1020 cm−3 to 6× 1017 cm−3. The deviation of 60 mV in the As-implanted
sample between Si pad and NW indicates a decrease of the As-concentration from 5× 1020

cm−3 to 5×1018 cm−3. However, the influence of the KPFM measurement principle has to
be considered carefully before aiming for a quantitative interpretation of the probed KPFM
bias. In particular, the transport of majority charge carriers injected via the applied KPFM
bias in the SOI structure has to be taken into account. As explained in Sect. 3.1.3, the
NW samples fabricated from the SOI structure are electrically contacted via the Al layer
deposited on the Si top layer. Thus, injected majority charge carriers have to be trans-
ported horizontally through the Si top layer to reach the respective measurement position
in the Si pad and the NWs. During this horizontal transport the injected majority charge
carriers experience an additional vertical deflection between top and bottom of the Si top
layer. This is due to the fact that the 88 nm thick Si top layer is implanted only in the
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Figure 6.31: Results of the KPFM measurement on the sample with As-implanted pad and
nanowires (NWs). (a) Surface topography, (b) KPFM bias with marked investigated section line,
(c) KPFM bias section line (averaged over 10 lines) compared to the calculated energy difference
[EC − EF (n)].

near-surface region. The implantation depth deduced from Athena simulations amounts to
about 50 nm in the B-implanted sample and to about 30 nm in the As-implanted sample
(Sect. 3.1.3). In deeper regions of the Si top layer the dopant concentration is decreased
by several orders of magnitude and amounts to about 1× 1016 cm−3 at the bottom of the
B-doped Si top layer and to about 1 × 1014 cm−3 at the bottom of the As-doped Si top
layer. The gradient of the dopant concentration along the depth of the Si top layer results
in a vertical deflection of injected majority charge carriers. The distorting contribution of
the vertical deflection increases with increasing transport path length, i.e. with increasing
distance between the Al contact and the measurement position. Therefore, the KPFM
bias probed along the section lines above the Si pad and the NWs increases steadily. The
resulting lateral KPFM bias variation can not be correlated quantitatively with a decrease
of the dopant concentration.
It can be concluded that the application of KPFM for verification of the homogeneity of
the dopant concentration in the Si NWs is limited by the measurement principle. The
horizontal transport of majority charge carriers to the measurement position is distorted
due to the implantation profile of the SOI structure which prevents a quantitative inter-
pretation of the probed KPFM bias.
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Figure 6.32: Results of the KPFM measurements on (a,b,c) B-implanted and (d,e,f) As-
implanted horizontal nanowires (NWs) with focus on the doping profile along the NW width.
(a,d) Surface topography, (b,e) KPFM bias with marked investigated section line at the same
distance from the Al contact, (c,f) KPFM bias section lines (averaged over 10 lines).

In addition to the discussed investigation of the doping profile along the implanted Si
pad and NWs, the dopant distribution along the NW width has been examined. In Fig.
6.32 the results of the KPFM measurements on the B-implanted [Fig. 6.32(a,b,c)] and
the As-implanted sample [Fig. 6.32(d,e,f)] are presented. With respect to the distorting
contribution due to vertical deflection of majority charge carriers between top and bottom
of the Si top layer, the investigated section lines along the NW width have been chosen
in the same distance of about 12 µm from the Si pad and thus of about 22 µm from the
Al contact. The KPFM bias section lines across the B-implanted and the As-implanted
NW which are marked as a blue line in the respective KPFM bias image are plotted in
Fig. 6.32(c) and (f), respectively. In the plots, the KPFM bias value of the Si pad is
indicated by means of a red line. The KPFM bias probed across the B-implanted and
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the As-implanted NW is increased by about 100 mV compared to the Si pad value. This
observation indicates that for the same distance between measurement position and Al
contact, injected majority charge carriers experience nearly the same vertical deflection
due to the dopant concentration gradient in the B-implanted and in the As-implanted Si
top layer.

The KPFM bias probed along the NW width is reasonably constant and amounts to about
1000 mV for the B-implanted NW [Fig. 6.32(c)] and to about 220 mV for the As-implanted
NW [Fig. 6.32(f)]. Thus, a reasonably constant dopant concentration along the NW width
is deduced. However, the lateral resolution of the presented KPFM images is limited due
to the large scan range of 30 µm. For a detailed investigation of the doping profile along
the NW width KPFM measurements with a much smaller scan range are recommended.

Note that KPFM is sensitive to the surface space charge region. The maximum thickness of
the asymmetric electric dipole layer amounts to only 2.6 nm in the B-implanted and 1.2 nm
As-implanted Si top layer estimated by means of Eq. (5). KPFM provides no quantitative
information about the dopant distribution within the 88 nm thick Si top layer.

6.3.1.2 Unimplanted silicon nanowires

In comparison to the implanted NWs, samples with unimplanted NWs featuring only the
background doping have been investigated. In these samples, the Si pad has been implanted
with B or As, respectively, while the horizontal NWs have been shadowed by means of a
mask during the implantation (Sect. 3.1.3).

The results of the KPFM measurements on the B-implanted sample are presented in Fig.
6.33. The simultaneously probed surface topography and KPFM bias are shown in Fig.
6.33(a) and (b). The investigated section line along the B-implanted Si pad and the
unimplanted NW is marked as a blue line in the KPFM bias image. In Fig. 6.33(c) the
KPFM bias probed along the section line is plotted. As can be seen in the plot, a lateral
KPFM bias variation of approximately 590 meV is probed between the Si pad and the
NW.

Similar to the samples with implanted NWs, the Si pad contains B with a concentration
of 1 × 1020 cm−3. The related calculated energy difference amounts to [EV − EF (p)] ∼=
-30 meV. From the preparation process of the SOI structure (Sect. 3.1.3) and the probed
lateral KPFM bias variation it can be deduced that the unimplanted NWs contain a very
low p-type background doping and can be considered as almost intrinsic. Therefore, the
energy difference between Fermi energy and valence band maximum in the NW is set to
[EV − EF (p)] ∼= -560 meV. The comparison between the measured KPFM bias and the
calculated energy differences is given in Fig. 6.33(c).

The KPFM bias probed above the implanted Si pad slightly increases by about 50 mV
between the lateral positions of -4 µm to -1 µm. This is ascribed to the vertical deflection
of injected majority charge carriers caused by the gradient of the dopant concentration
between top and bottom of the Si top layer (Sect. 3.1.3). Note that the KPFM bias
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Figure 6.33: Results of the KPFM measurement on the sample with B-implanted pad and
unimplanted nanowires (NWs). (a) Surface topography, (b) KPFM bias with marked investigated
section line. The interface between Si pad and SiO2 is illustrated as white line in the KPFM bias
image. (c) KPFM bias section line (averaged over 10 lines) compared to the calculated energy
difference [EV − EF (p)].

probed across the unimplanted NW at the lateral positions between 3 µm and 6 µm is
reasonably constant. This is due to the fact that in the unimplanted NW the horizontal
transport of majority charge carriers to the measurement position is not interfered by a
vertical deflection.

In Fig. 6.34 the results of the KPFM measurement on the As-implanted sample are
illustrated. The surface topography and KPFM bias simultaneously probed across the
As-implanted Si pad and the unimplanted NW are shown in Fig. 6.34(a) and (b). A con-
tamination by large particles, i.e. remains of photoresist, is observed at the edge of the Si
pad. This contamination also distorts the KPFM bias probed above the junction between
the Si pad and the Si NW. The investigated KPFM bias section line across the Si pad and
the NW is marked as a blue line in the KPFM bias image and plotted in Fig. 6.34(c). The
small peak at the lateral position of approximately 0 µm is ascribed to the contaminating
particles. As can be seen in Fig. 6.34(c) a lateral KPFM bias variation of approximately
1300 mV is probed between the Si pad and the NW.
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Figure 6.34: Results of the KPFM measurement on the sample with As-implanted pad and
unimplanted nanowires (NWs). (a) Surface topography, (b) KPFM bias with marked investigated
section line. The interface between Si pad and SiO2 is illustrated as white line in the KPFM
bias image. (c) KPFM bias section line (averaged over 10 lines) compared to the contributions
necessary for inversion of the Si pad [Ei − EF (n)], and for accumulation of holes in the NW
[EV − EF (p)].

The Si pad is As-implanted and contains a concentration of 5 × 1020 cm−3 related to
[EC − EF (n)] ∼= 0 meV. The calculated energy difference of the unimplanted NW with the
almost intrinsic very low p-type background doping is set to [EV − EF (p)] ∼= -560 meV.
Thus, an energy difference of 560 meV is expected for the KPFM measurement across the
As-implanted Si pad and the unimplanted NW which is in disagreement with the probed
lateral KPFM bias variation of approximately 1300 mV. Note that also the traditional
CPD model predicts an energy difference of 560 meV.

The discrepancy between calculation and measurement can be understood as a result of the
measurement principle, i.e. the transport of majority charge carriers to the measurement
position, which results in an additional contribution to the probed lateral KPFM bias
variation.

The KPFM bias probed above the As-doped Si pad is related to the removal of the asym-
metric electric dipole by means of majority charge carriers, i.e. electrons, injected horizon-
tally via the Al contact. Thus, the KPFM bias probed above the Si pad is related to the
energy difference [EC − EF (n)] ∼= 0 meV as illustrated in Fig. 6.34(c).
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When probing above the unimplanted NW, holes have to be transported to the mea-
surement position passing the As-doped Si pad. To enable this transport and to avoid
recombination of holes in the n-type Si pad, the Si pad has to be inverted. For inversion a
bias related to the energy difference between the Fermi energy of the As-implanted Si pad
and the intrinsic Fermi level Ei has to be applied. Thus, the inversion bias amounts to
[Ei − EF (n)] ∼= -560 meV. When the inversion bias is applied, the transport of holes from
the Al contact to the measurement position in the NW is possible. For accumulation of
holes and the removal of the vertical asymmetric electric dipole in the unimplanted NW
additionally [EV − EF (p)] ∼= -560 meV has to be applied.
Thus, the KPFM bias probed above the unimplanted NW in the As-implanted sample
reflects the sum of the bias required for inversion of the Si pad and the bias required for
accumulation of holes at the measurement position in the NW, i.e. to 1120 mV. The two
contributions are illustrated in Fig. 6.34(c). With the additional contribution due to in-
version of the Si pad the lateral KPFM bias variation probed between the Si pad and the
NW can be understood.

Note that this additional contribution occurs in the As-implanted sample (Fig. 6.34) but
not in the B-implanted sample (Fig. 6.33). This is due to the fact that in the B-implanted
sample holes can be transported from the Al contact through the p+-type Si pad into
the unimplanted NWs without difficulties. Therefore, no additional contribution to the
probed KPFM bias has to be taken into account. In the As-implanted sample transport
of holes into the unimplanted NWs is prevented by the n+-type Si pad which has thus to
be inverted first resulting in the additional contribution to the probed KPFM bias.
It can be concluded that transport of majority charge carriers to a measurement position
is an essential aspect of the KPFM measurement and can result in additional contributions
to the KPFM bias. Therefore, it is recommended to investigate the transport path of ma-
jority charge carriers within samples before aiming for quantitative interpretation of the
probed KPFM bias. On the other hand, the unique KPFM measurement principle may be
used to investigate the transport of charge carriers in semiconducting samples.

A second interesting phenomenon related to the KPFM measurement principle is observed
at the investigation of the unimplanted Si NWs. In contrast to the implanted NWs, the
KPFM bias probed along the width of unimplanted NWs reveals a strong difference between
NW center and NW edges. In Fig. 6.35 the results of the KPFM measurements on the
B-implanted [Fig. 6.35(a,b,c)] and the As-implanted [Fig. 6.35(d,e,f)] sample with focus
on the doping profile along the NW width are presented. The investigated section lines
in the B-implanted and the As-implanted NW are marked as a blue line in the respective
KPFM bias image and plotted in Fig. 6.35(c) and (f), respectively. In the plots, the
KPFM bias probed across the implanted Si pad is indicated by means of a red line. The
investigated section lines have a distance of approximately 5 µm to the Si pad and thus
a distance of about 15 µm to the Al contact. As can be seen in the plotted KPFM bias
section lines, a much larger KPFM bias is probed at the NW edges compared to the NW
center. Additionally, the smaller the width of the NWs, the smaller is also the lateral
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Figure 6.35: Results of the KPFM measurements on samples with (a,b,c) B-implanted and
(d,e,f) As-implanted Si pad but unimplanted horizontal nanowires (NWs) with focus on the
doping profile along the NW width. (a,d) Surface topography, (b,e) KPFM bias with marked
investigated section line. The interface between Si pad and SiO2 is illustrated as white line in
the KPFM bias images. (c,f) KPFM bias section lines (averaged over 10 lines).

KPFM bias variation probed between NW edge and NW center.

Note that this observation is restricted to the unimplanted NWs which feature an almost
intrinsic very low p-type doping. It has to be kept in mind that also at the vertical side walls
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of the NWs a surface space charge region forms. With decreasing dopant concentration the
width of the asymmetric electric dipole formed at the horizontal and vertical NW surface
increases. In the unimplanted NWs the thickness of the asymmetric electric dipole [Eq.
(5)] is much larger than 2000 nm. With respect to the size of the NWs, i.e. the thickness
of 88 nm and the maximum width of 2 µm it can be concluded that all free majority
charge carriers, i.e. holes, are trapped in surface states while in the NW center only
unscreened ionized immobile acceptor atoms remain. Majority charge carriers injected
via the applied KPFM bias are expected to drift within the thus formed electric field
which distorts the KPFM measurement. The distortion is largest near the position of the
maximum of electric field, i.e. near the NW side walls. Therefore, with decreasing width
of the NWs an increasing distortion of the KPFM measurement due to drift of majority
charge carriers is expected. This expectation is verified by the investigation of unimplanted
NWs with different width. At the B-implanted Si pad with the unimplanted NWs [Fig.
6.35(c)] the lateral KPFM bias variation between NW center and the NW edge amounts to
approximately 350 mV for the broader NW at the lateral position of about -5.5 µm, and is
decreased to about 200 mV for the thinner NW at about 4.5 µm. At the As-implanted Si
pad and the unimplanted NWs [Fig. 6.35(f)] the width dependence of the lateral KPFM
bias variation is even more pronounced. A lateral KPFM bias variation of 500 mV is probed
between the NW center and the NW edges for the broader NW at the lateral position of
about -6 µm, while a lateral KPFM bias variation of only 100 mV is detected at the thinner
NW at about 5 µm.
The observed width-dependent lateral KPFM bias variation between NW center and edge
may be the reason for the observed deviation of 180 mV between the expected energy
difference of 1120 meV and the measured lateral KPFM bias variation of 1300 mV in the
As-implanted sample (Fig. 6.34). Note that the corresponding section line has been aver-
aged over 10 scan lines and thus includes the smaller KPFM bias probed above the NW
center as well as the larger KPFM bias probed above the NW walls.

In conclusion, the results of KPFM measurements performed on nanostructures have to be
evaluated carefully since the measurement principle of injection of majority charge carriers
as well as the shape and size of bulk and surface space charge regions in nanostructures may
have strong influence on the KPFM measurement and thus may disable the quantitative
discussion of the probed KPFM bias.

6.3.2 Shape of the silicon nanowires

With respect to the application in GAA MOSFET devices, NWs with a well-defined shape
are required. For investigation of this aspect, the horizontal Si NWs have been probed
on a small lateral scale. In Fig. 6.36(a) and (b) the surface topography and KPFM bias
probed in an overview scan above an As-implanted sample with unimplanted NWs are
shown. The blue squares mark the position of a zoom-in scan with a smaller scan range
applied for the detailed investigation of the NW side walls. The results of the zoom-in
scan are shown in Fig. 6.37. The simultaneously probed surface topography and KPFM
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Figure 6.36: Results of the KPFM measurement on a sample with As-implanted pad and unim-
planted nanowires (NWs) with focus on the NW side walls. (a) Surface topography, (b) KPFM
bias. The blue squares mark the position of the zoom-in scan with a smaller scan range discussed
in Fig. 6.37.

bias are illustrated in Fig. 6.37(a) and (b). In the images small contaminations on top of
the Si NW are observed which are identified as remains of the photoresist from the NW
preparation. With exception of the four photoresist particles, the RMS surface roughness
of the Si NW amounts to 0.1 nm. This promising result is evidence for the high quality of
the NW preparation process described in Sect. 3.1.3.
However, a closer investigation of the vertical side wall of the NW reveals a shape inho-
mogeneity. In the surface topography [Fig. 6.37(a)] and KPFM bias [Fig. 6.37(b)] image
a terrace-like form of the side wall is observed. The blue lines in the images mark the
chosen section line across the NW side wall. In Fig. 6.37(d) and (e) the topography and
the KPFM bias section line is plotted, respectively. From the plots it can be deduced that
the terrace-like side walls consists of mainly two terraces of about 50 nm width between
the NW surface and the SiO2. The two terraces are located at about 10 nm and 30 nm
below the top level of the Si NW.
Note that the terraces are more pronounced in the KPFM bias image than in the im-
age of surface topography, revealing the strong electrostatic forces at the NW side walls.
Therefore, NWs with an inhomogeneous shape are not suitable for the application in GAA
MOSFET devices, and optimization of the preparation process is required.

As can be deduced from the measured KPFM bias in Fig. 6.37(b) the lateral resolution of
the KPFM bias probed under ambient conditions amounts to about 20 nm. For a compar-
ison, the electrical signal of the simultaneously probed 2nd harmonic of the electrostatic
force [Eq. (37)] is presented in Fig. 6.37(c) with the corresponding section line plotted in
Fig. 6.37(f). As explained in Sect. 5.2.8, the 2nd harmonic does not depend on the applied
dc-bias, i.e. on the dopant concentration dependent KPFM bias applied during the KPFM
measurement. Therefore the 2nd harmonic is not correlated with the injection of majority
charge carriers at the measurement position and is thus not influenced by local intrinsic



6.3 Horizontal silicon nanowires 119

Figure 6.37: Results of the zoom-in scan on the unimplanted nanowire (NW) at the position
marked in Fig. 6.36. (a) Surface topography, (b) KPFM bias, (c) 2nd harmonic signal. The
investigated section lines are marked as a blue line in the respective image and plotted in (d), (e)
and (f), respectively. The blue square in (c) marks the position of the zoom-in image presented
in Fig. 6.38.
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Figure 6.38: Zoom-in image of the 2nd harmonic signal from the position marked as blue square
in Fig. 6.37(c). (a) 2nd harmonic signal with marked section line across the SiO2, (b) 2nd
harmonic signal probed along the section line (averaged over 10 lines).

electric fields. As a consequence the signal of the 2nd harmonic provides a much better
lateral resolution and can also be used to investigate insulating materials as for example
the SiO2 adjacent to the NWs. In Fig. 6.38(a) a zoom-in image of the 2nd harmonic
signal probed above the position marked as blue square in Fig. 6.37(c) is presented. The
zoom-in image provides highly detailed information about the insulating SiO2. A section
line across the SiO2 which is marked as blue line in the zoom-in image in Fig. 6.38(a) is
plotted in Fig. 6.38(b). From the plot, the lateral resolution of the 2nd harmonic signal
can be determined to be in the sub-10 nm range. This most promising result shows that
the measurement of the 2nd harmonic could help to overcome the restriction of the KPFM
bias, which is not suitable to investigate insulators and which has a lateral resolution of
only about 20 nm in ambient KPFM. However, the quantitative interpretation of the 2nd
harmonic signal requires extensive theoretical calculations of the capacitive and electrosta-
tic tip-sample interaction and remains an open issue so far.
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In the presented work, Kelvin probe force microscopy (KPFM) has been applied for the
investigation of differently structured, n- and p-type doped silicon. The high potential
of KPFM as a non-destructive, quantitative electrical nanometrology technique has been
pointed out. The technical facets of the KPFM measurement technique as well as the
physical aspects required for the correct interpretation of the KPFM bias probed on semi-
conductors have been discussed. Facing the demands of today’s semiconductor industry
the presented work focused on the aspect of quantitative dopant profiling. A new KPFM
model was developed which enables the quantitative correlation between the probed KPFM
bias and the local dopant concentration in the investigated semiconductor. Additionally, it
was demonstrated that transport of charge carriers in the investigated sample is a crucial
aspect of the unique measurement technique and has to be taken into account when aiming
for a quantitative evaluation of the probed KPFM bias.

7.1 Quantitative dopant profiling

For a correct interpretation of the measured KPFM bias, understanding of the measure-
ment principle and the influence of the specific sample structure is essential. In this work
it was discussed how KPFM allows the investigation of the bulk dopant concentration in
semiconductors via probing the electrostatic forces from the formed surface space charge
region. A new KPFM model was introduced which defines the measured KPFM bias
as the voltage required to accumulate majority charge carriers in the surface region of
the investigated silicon samples in order to remove the vertical asymmetric electric dipole.
Quantitative dopant profiling has been successfully demonstrated by KPFM measurements
on conventional SRAM and DRAM cells and on cross-sectionally prepared Si epilayer sam-
ples. Important predictions from the new KPFM model as for example the independence
of the cantilever potential have been successfully verified.

With respect to the applied ambient Level-AFM from Anfatec Instruments AG, the prop-
erties of a semiconductor surface exposed to ambient environment have been discussed.
It was shown that a quantitative analysis of the probed lateral KPFM bias variation is
possible despite of the sample-specific contribution of an oxide layer and adsorbed water.
However, in particular for KPFM measurements under ambient conditions the sample sur-
face has to be prepared carefully in order to ensure that the electrical KPFM signal from
the asymmetric electric dipole is large enough to be detected against the potential shielding
signal. A comparative UHV KPFM measurement has been performed on the conventional
SRAM cell for verification of the results obtained in ambient KPFM. It was shown that
the lateral KPFM bias variation probed under ambient and under UHV conditions is in
good agreement and can be explained satisfyingly within the presented new KPFM model.

A major aspect of the KPFM measurement principle is transport of majority charge carriers
in the investigated sample from the contact to the measurement position. Within the new
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KPFM model the influence of intrinsic electric fields in particular due to vertical and
horizontal pn junctions and due to surface space charge regions has been discussed. A
simple approximation of the complex dynamic transport phenomena in semiconducting
samples during the KPFM measurement enabled an estimation of drift and diffusion in
the differently structured and doped Si samples. It was discussed that diffusion of charge
carriers between neighbouring surface space charge regions may have strong influence on
the KPFM measurement. The contribution of diffusion was shown to be dependent on the
specific sample structure, i.e. on the location and direction of intrinsic electric fields, as
well as on the chosen measurement parameters, i.e. on the applied operation frequency fac

and the ac-bias Uac. It has been pointed out in this work that a large enough operation
frequency and ac-bias have to be applied to enable quantitative dopant profiling in samples
containing neighbouring regions with opposite type of majority charge carriers. On the
other hand, KPFM measurements performed at small operation frequencies or small ac-
biases may be used in particular for the investigation of transport of charge carriers in
doped semiconductors with intrinsic electric fields.
The importance of knowledge about the transport of charge carriers in the investigated
sample has been demonstrated by the example of KPFM measurements on horizontal Si
nanowire arrays fabricated from a SOI structure. The KPFM bias probed across the Si
NW samples could only be explained including the transport of the horizontally injected
majority charge carriers and the properties of sample-specific intrinsic electric fields.

7.2 Lateral resolution

Due to the permanent down-scaling of semiconductor devices an electrical nanometrology
technique with a lateral resolution in the sub-10 nm range is required. In the presented
work it has been shown that the lateral resolution of the KPFM bias probed under ambient
conditions is limited to approximately 20 nm. It was pointed out by the example of
the measurements performed on the SRAM cell that UHV KPFM enables scans with
an improved lateral resolution. As an additional example, a lateral resolution of 2 nm
achieved in UHV KPFM has been reported only recently [153]. Therefore, for the electrical
investigations of nanostructures UHV KPFM is recommended.
However, an important conclusion of the presented work is that the measurement principle
of the KPFM bias itself limits the lateral resolution for semiconducting samples containing
doping junctions. Injected majority charge carriers drift within electric fields of space
charge regions formed at doing junctions which distorts the KPFM measurement. This
strong limitation to the lateral resolution is restricted to the measurement of the KPFM
bias. By the example of KPFM measurements performed on the horizontal Si NW samples
it was demonstrated that simultaneously detected electrical KPFM signals as for example
the 2nd harmonic allow to overcome the limitation of the KPFM bias measurement. The
electrical signal correlated with the 2nd harmonic of the electrostatic force provides a
lateral resolution below 10 nm and is not influenced by local intrinsic electric fields in the
sample. However, the quantitative interpretation of the higher harmonic signals detected
by means of KPFM remains an open issue.
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7.3 Future challenges

The KPFM measurements presented in this work have been restricted to semiconducting
samples, i.e. to differently structured, n- and p-type doped silicon. However, it is ex-
pected that for any material system a correct description of the electrostatic forces acting
onto the cantilever and their minimization during the KPFM measurement will allow to
quantitatively correlate the measured KPFM bias with the electrical properties of the in-
vestigated sample. The achieved quantitative understanding of the KPFM bias probed on
doped silicon could be used for example as a starting point for investigations on biosen-
sors which are often based on semiconducting nanostructures [170, 171]. KPFM could be
applied in particular for locating and manipulating biomolecules on doped semiconductors.

Due to the possibility of the simultaneous detection of higher harmonics of the electrostatic
force, KPFM may be applied to all material systems, even to thick insulators which re-
present a restriction for KPFM bias measurements. Additionally, the quantitative analysis
of higher harmonics of the electrostatic force is expected to provide extended insight into the
physics of the investigated materials. To approach this challenge, it is suggested to compare
higher harmonic KPFM signals probed on simple test structures to theoretical calculations
of the capacitive and electrostatic tip-sample interactions. Such investigations are one
issue of the cooperation between the Helmholtz-Zentrum Dresden-Rossendorf e.V. and
Anfatec Instruments AG in the framework of a recently started project (project number:
SAB-59948/245).
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[62] T. Hantschel, P. Niedermann, T. Trenkler, and W. Vandervorst. Highly conductive
diamond probes for scanning spreading resistance microscopy. Appl. Phys. Lett.,
76:1603–1605 (2000).

[63] P. De Wolf, T. Clarysse, W. Vandervorst, and L. Hellemans. Low weight spreading
resistance profiling of ultrashallow dopant profiles. J. Vac. Sci. Technol. B, 16:401–
405 (1998).

[64] P. Eyben, T. Janssens, and W. Vandervorst. Scanning spreading resitance mi-
croscopy (SSRM) 2D carrier profiling for ultra-shallow junction characterization in
deep-submicron technologies. Mat. Sci. Engin. B, 124-125:45–53 (2005).
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generation in nanoscale phase segregated organic heterojunctions by Kelvin probe
force microscopy. Nano Letters, 10:3337–3342 (2010).

[154] S. Ono and T. Takahashi. Lateral averaging effects on surface potential measurements
on InAs dots studied by Kelvin probe force microscopy. Jap. J. Appl. Phys., 43:4639–
4642 (2004).

[155] C. Leendertz, F. Streicher, M. C. Lux-Steiner, and S. Sadewasser. Evaluation of
Kelvin probe force microscopy for imaging grain boundaries in chalcopyrite thin
films. Appl. Phys. Lett., 89:113120 (2006).

[156] T. Glatzel, L. Zimmerli, S. Koch, B. Such, S. Kawai, and E. Meyer. Determination
of effective tip geometries in Kelvin probe force microscopy on thin insulating films
on metals. Nanotechnology, 20:264016 (2009).

[157] T. Hochwitz, A. K. Henning, C. Levey, C. Daghlian, and J. Slinkman. Capacitive
effects on quantitative dopant profiling with scanned electrostatic force microscopes.
J. Vac. Sci. Technol. B, 14:457–462 (1996).

[158] C. Baumgart, M. Helm, and H. Schmidt. Quantitative dopant profiling in semicon-
ductors: A Kelvin probe force microscopy model. Phys. Rev. B, 80:085305 (2009).

[159] H. Diesinger, D. Deresmes, J.-P. Nys, and T. Mélin. Kelvin force microscopy at
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probe force microscopy imaging of cross-sections of Si multilayer structures, Talk
HL 14.2, DPG Spring Meeting, Dresden, Germany, March 22-27, (2009).





Acknowledgements

I want to thank all people, who contributed to succeeding this work. Especially, I am much
obliged to a number of people for scientific, practical, theoretical, experimental and last
but not least moral support:

• Prof. Dr. M. Helm, Prof. Dr. J. Fassbender and Prof. Dr. W. Möller for the
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